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{//’ ABSTRACT

3 Maipfalinabllity demonsiration is a testing procedure for
assuring the acquisition of equipment and systems wlth satlsfac-
tory maintainabllity characteristics. The results of a avudy to

. impprove malntainabllity-demonstration procedures for Alr Force
' e pment are presented in thils report.
/

An industry- and Government-wide survey was conducted to pro-
vide insight into the current status of maintainabllity demonstra-
tion and to initiate resezrch into the managerial, adminlstrative,
and technical aspects of «demonstration. Specific recommendations
and guldelines were developed on the following:

Management planning for maintalnablilty demonstration
« Maintalnability-~index selection
 Maintenance-taek sempling procedures
Statlistlical malntalnablllty-demonstration test plans
+ Tegt administration and implementation
The use of prior iInformation for specifylng numerical require-~
ments, desligning statlstical sampling procedures, developing test

criterla, and applving Bayeslan tests was i1lso investligated; ap~
pllicable procedures and duta are included in this report.
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INTRODUICTION

1.1 THE CONCEPT UF MAINTAIMNABILITY DEMONSTRATION

Maintainability demonstration is the prccess by whicl. & cus- |
tomer determines T a product he intends to buy will exhibit sat- |
isfactory maintainat llity characteristics. The specific apyproach
used can range from reliance on the producer's assurance and
good reputation to an extensive controlled fie.id teRt of the prod-
uct. .

CERM I I T KA

Nelther of these extremes 1s satlsfactory. The producer's
reputatio» 13 more pertinent to selecting him initially, and hils
agsurance cannot be accepted unless there are adequate factual
data to support it. O0ften, for novel or complex equipment, it
18 not posszible to assure that the eguipment will perform matis-
factorily in the fleld meintenance environment unless some form
of controlled teating 1s perfcrmed. On the other hand, extensive
field tests are gererally costly and time-consuming.

The current Air Force policy 1s zenerally to perfcrm limited |
controlled tests, employlng standard statistical procedures %o ‘
decermine conformance with specified muintainability character- |

- istics. |

lwo miiltary standards provide the requirement and direc-
- tion for conducting a maintainability-demonstration test. MIL-
STD-4¢0, "Maintainability Program Requirements" (Systems ard
Zquipments), 21 March 1966, contalns the followlng detailed re-
qulrement for such a ‘est:

"Para. .11 Demonstrate Achievement of Maintain-
ability Requlrements

The achlevemernt of maintalnsability requirements
shall be demrnstrated es specified 1n the contract.
The demonstration will normally be accomplished in ac-
cordance with MIL-STD-471, 'Meintainability Demonstra-
tion', which inciudes ccntractor preparation and sub-
rission of a demonstratlon plan and report to tha
procuring activity. The demonstraticn plan must be
responsive to the mailntainabllity program established
. by the requlirements of thla stendard. Maintainebiliity
demonstration efforts shall be Integrated with other
system testing requlrements such as proof of design,
breadi-bcard, prototype, environmental, production and
acceptance. Maintsainabllity demonstraticn data will
be used to Incrementally verify the achlevement of
maintaingbllity design regulirement: and to update the

1
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maintainablility nesrameter values from the maintain-
ability analyses and predictions. The formal main-
tainablility demonstration performed to determine con-
tract compllance shall be conducted in an operational
or simula*ed operational environment as specified in
the contiuct."

The referenced standard, MIL-STD-471, "Meintainability
Demonstration", 15 February 1966, Notice 1, 4 April 1968, pro-
vides the detailed procedures for plarning and conducting main-
tainebility-denonstration tests, and is the dcociment most often
invored in current contracts that require such tests.

The demonstratiun procedure 18 essentially a statistical
test of a hypothesis. 1In this case, the hypothesis is generally
of the form that a specified maintainability characte:ristic
(e.g., mean active-corrective-maintenance time) meets a speci-
fied numerical value. Accordingly, tiie standard approach has
been one of acceptance sanpling, in which known risks of wrong
decisions (rejlecting a satisfactory product or accepting an un-
patlsfactory product) are considered ln relation to sample size
{e.g., number of maintenance actions observed). One goal is to
arrive at risk levels and sample requirements that meet existing
or implied constralnts.

The statistical nature of a maintainability-demonstration
test imposes requirements on several aspects of the test pro-
cedure, including the test environment, tne¢ sampling procedure,
and the analysis of test results. Therefore, a demonstration
test cannot be evaluated or a new one proposed without careful
conslderation cf these factors as they relate to the inferential

- nature of the stastistical tesc.

Therefore, the demonstration procedure can be viewed as
comprising two major areas -- the planning, management, and im-
plementation of the test; and the statistical procedures to be
enployed in the decision-making process.

1.2 SUMMARY CF MAJOR OBJECTIVES

The overall objective of the m&lnvalnability-demonstration
phase of the progrem tc develop maintainablility techniques is to
develop improved procedures for planning, implementing, and eval-
vating =ma’~tainapility-demonstration tests. Accordingly,
effort was directed at both the managerial/administrative aspects
and the tecnnlcal and statlgtlical acpects of the demonstration
element in the maintainebillity-prcgram plan.

Specific study was devoted to the following subjects:

* Manegement c¢f the malntainability-demonstration pro-
grem

N
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+ Prior information epproaches in test deolgn and
analysis

* Statistic2l analysls of maintalriability-demonstra-
tion test results

In the area of menagement and administration of the main-
tainability-demonstration effort, guldelines and specific ap-
proaches were developed to provide assurance that (1) the
specified maintalnability index is appropriate and realistic,
(2) the task-sampling proceauce 1s adequete, (2) the test is
conducted in an unbiased and neaningful manner, and (4) the re-
sults are analyzed and interprvted properly.

The use of prior information, such as previous history on
similar items, results of pravious tests, and inputs from the
maintainablility-prediction efforts, were incorporated whenever
possible into procedures for specification, task sampling, and
test design. In particular, new Bayesian approaches for m&in-
teinabllity demonstration were developed.

In this revort the statistical basis for demonstration is
reviewed, and guidelines for selecting general approaches (e.g.,
fixed versus cequential sampling) are presented. An extensive
set of statistical procedures for demonstration, offering im-
provements in rigor, efficiency, or epplicability over current
procedures, 1s described. QGuidelines are presented for selzct-
ing the appropriate plen to fit particular circumstancee.
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SECTICN II
SURVEY ON MAINTAINABILITY DEMONSTRATION

2.1 INTRODUCTION

Although maintainability demonstration has not been applied
to the same extent as rellability demonstration, it was believad
that enough experience has been accumilated to warrant a survey
of Industry and Government persomnel concerned with it., Accord-
ingly, a comprehensive questionnaire was deveioped to cover both
mansgement and technical aspects of maintainability demonstra-
tion. Exhibit 1 1s a copy of this questiomnsire. A rather com-
prehensive discussion of the results of this survey i3 presented
here because these results provide a good summrary of the current
status of maintainability demonstration. Particuler attention is
given to problems that the respondents believe have st yet been
solved by current procedures.

2.2 RESPORDENTS

This questionnaire was mailed to approximately 200 pecople
and agenclec actlively engaged in the fleld of mrintainability
managerent and engineering. Four major sources were used to
obtain respondents:

< The EIA-G-42 maintainability committee mailing list

* The military and Government organizations and personnel
involved in MIL-STD-471 coordination

+ Organizations that deal with the RADC Meintainebility
Section

s+ A 11st of authors on maintainability, obtained throogh a
literature search of various technical journals and sym-
posium proceedings

2.3 SUMMARY OF RESULTS
25-percent returnj, some of which contained detalled comments on
one or mere aspects. Table I presents & summary tabulation of

the responses recelved.

2.4 DISCUSSION OF RESULIS

4 total of 35 usable replies was recelved (approximstely a

The results of the survey are discussed in this subsection.
A summary of the mast pertinent statistics of Table I is pre-
sented and interpreted. Indications of how improvements cen and

5
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should he maGe are also presented, bui detalled considaration of
such means 18 reserved for later subsections. In a sense, then,
the discussions of the survey questions servs as a summary of

some of the major areas to be considered in subsequent sections
of this report.

2.4.1 Respondent Background

Of the 39 responses received, approximately 75 percent rep-
resented industry viewpoints; approximately 75 percent of the
respondents have been invclved with one or more maintalrability
demonstrations, the total of such d~monstrations exceeding L4O.

The most commonly used tests wers those of MIL-M23313(9)
and MIL-M26512(8&,.wh1ch correspond to Test Methods 3 (4 appli-
cations) and 2 (9 applications), respectively, of MIL-STD-L471.
Thus, of 41 identified tests used for demonstration, 17 demon-
strations were based on the procedure of Test Method 2, MIIL-STD-
471, and 13 demunstrations were based on the procedure of Test
Method 3, MIL~2TD-471. The only other significant applications
Here the five demonstrations based on Test Method 1 of MIL-STD-
71.

Comments on the statistical aspects of the procedures used
thus apply generally to MIL-STD-4T71, Test Methods 1, 2, and 3.
General comments on management and administrative aspects of
Government maintelinabllity-demonstraiion standards pertain
equally toc the older MIL-M26512 and MIL-M23313 standards.

2.4.2 Rejection Experience

Seven rejections were reported by the respondents. In only
one case, however, was a retest performed -- a step that 1s rec-
ommended in the maintalnavllity-demornstration-plan provisicns of
MII-STD-471. In tl. ee cases, the test was extended -- & proce-
dure that would normally result in exceeding the designed test
risks, In twc ~mrces, the applicable requirement was walved.

Since zontrolling maintainability and providing information
for evaluation purposes are mejor purposes of demonstration, 1t
1s necessary to act on rejections in & positive manner. Cor-
recting maintalnability design to elininate causes of rejection
and then retesting would seem to be the most prudent course. A
sinple test extension or walver of the requirement avoids the
central issue.

2.4.3 Purpose of Maintainability Demonstration

Almost half of the respondents indicated that control of
achieved maintainability wasz the major purpese of meintainsbillity
desonstration. One-third belieyed that the information provided




Information Concerning the Respondent

p Date

Company or Agency
] Division or Cepartment

T v

Name

3 Nature of Bueiness
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§
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Pleass Return to:

ARINC Research Corporation
a Subsidiary of Aeronautical Radio, Inc.
2551 Riva Road
Annapolls, Maryland 21401
Attention: H.S. Balaban

EXHIBIT 1

QUESTIONNAIPE MAILED TO MAINTAINABILITY
- MANAGEMENY' AND ENGINEERING PERSONNEL
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TABLE I
SUMMARY OF RESPOXSES 70 MAYNTAIRABILITY-LEMONSTRATION QURSTIONNAIRE

E' . f1liation of Respondent Maintainebility Demonstratio
- Industry 29 Involved with one or mrse 30
Milsitary/Governmenf, 10 Fo involvement 7
No answer 2
Busber of Befections 7
f Type of Involvement
t tion
Designer of Equipaent 14
] Dasigne- of Maintairabl.iity- Test Extended 3
Demonstration Test 21 uipment Rodesigned 2
i Conductor of Maintalnability- Bquipment Redesigned and Retested L
Demonstration Test 19 Applicadle Requiremsnt Waived 2
Monitor of Maintainablility -~ Penalty Provisioa lnvoked 0
Demonstration Test 16 Other 1
Stendsrds Ured
3
: MIL-STD-471 MIL-STD-471 MI1-Me6512 8
Planl 5 Plan 4 1 o
Plan 2 g Plan 5 O
] Plan 3 Plan 6 1 S

Purpose of Maintainability Dsmonstration

Provide accept/reject criteris 7
. Provide maintainability information

Provide control on schieved maintalnsbility 1
Va;siz‘y maintainability predictien g
Other

Views on Elements of Msintainability Standards or Contracts

Element Satlsfied Unsatisfied
1 Definition of Terms 39 37
Test Condition Regquiremsnts Ez 30
Support Material Requirements 2
Test Persomnnel Requiremsnts 35 28
Test Administration and Reporting
Requirements 45 23

Use of Pricr Information

. Parameter Specification 12
Distribution Anslyses
Sumple Selection
Bayesian Tusts

2 . Other

Ro Respounse

v #Sgﬂ

{continued)




TAPLE I (contiimed)

ties ienc

Differvices batween test and field envircnments 1
Intermittent fallures
Multiple fallures

[ ¥4

e

lack of ing materiais %
Abvormally repair tims
Extansive resources required 16
Other 2
No Response 6
Ispression on ified 1lity Values
Kilitery Industry Total
Realistic 4 17 21
Unrealistic 5 10 12
¥o Response 2 z
h % tainsbili scification
Historical Data 20
Allocation 28
Contractor Values 5

Preliminary Maintainebllity Predictions §
Other 2

m:%-mter Qeciﬁgution
Nean rcentile

4
Medisn 2 Madian and Variance 3
Percontile 1l Mean, Masdian, Percentile 2
¥een and Nedian 2 Mpan, Median, Variance a1

Mean and Percentile 7
Moan and Variance 1¢c

Total Mzan 26
Total Median 14
Total Percentile 14
Total Variance i4

Type of Statistical Test

16

Test .1 Rank 2 Rank 3 Aversge Rank Prefereixe
A. Pixed le 12 13 9 1.89 2
Mltiple le 22 7 2.03 3
Seguential 13 14 4 1.63 1
B. Paremetric 22 11 P 1.26 1
Bonpersmstric 1 22 —_— 1.67 2
¢. Classical 16 6 5 1.59 1
Bayesian g 17 7 2,15 3
Decision Theory b 5 1.89 e
D, Simlated Pallures 18 b 5 1:73 2
. Actusl Pallures ! 15 2.19 3
- Cosbination b1 20 3 1.70 1
(contirmed)




3
TAME I { econcluded)
[ Views on MIL~STD-471 .
: Rating [Satisfactory (S) or Unsatisfactory (U)) R
F mr Assusptions Specified Paramstezs Decision Criteria we |
e 8 3
8 U 8 1] 8 v 3 !w g
: i 23 | & 21 7 2i 7 jrl6}
r 2 22 5 23 5 18 8 158
‘ 3 Im |7 19 6 18 5 Ti%
b 19 | o 16 ! 17 1 {5k}
5 % 2 13 & 13 2 733
6 16 3 | w 3 17 2 62
Approval of 3tratificstion
Yes 17
F Fo 10
NOTR: Many questionnalires contained detailed comments on one or mmre
" questions; these are not included in this tabulaetion.
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is most important. These two answers, of course, are not mtu-
ally exclusive; 1.e., it can be assumed that the informat“_n can
and will be used to control maintainability.

Bight respondents believed that maintainability demonstra-
tion 18 most useful for verifying a maintainability predictiomn.
in one sense, this would imply that the prediction is more per-
tinent to the maintalnability program than actual test results.
This would be the case, for example, if the field maintenance and
%n;giltic plamning depended heavily on the maintainability predic-

on.

In practice, however, the maintainability demonstration is
geared to the contractual maintainability requirements, and the
prediction is enother element of a maintainability program to
provide contrel., If a prediction indicated that the contractual
requirement would not be met, it would be unwise to proceed to
the demonstration without carefully viewing the requirement, the
design, and the prediction procedure and inputs to make any nec-
essary revisions.

2.4.4 Views on Aspects of Maintainability Standards or Contracts

As can be seen in Table I, the percentage of respondents who
were satisfied with the mmintainability aspects listed in the
questionnaire is not encouraging. Almost half of the responses
indicated that one or more contracts or standards had unsatis-
factory definitions., Test-condition requirements and test-
persomnel requirements also recelved relatively unsatisfactory
ratings. While support nisterial and test-sdministration and
-reporting requirements were rated better than the others, about
one-third of the ratings were unsatisfactory.

Thase results vividly illustrate the need for carsful atten-
tion to the specifics of definitions and requirements concerning
meintainability demonstration in contractual documents and in
associated military standards.

2.4.5 Use of Pricr Informmtion

As would bde -expected, the two moet prominent categories
given for the use of prior information in maintainabllity demon-
stration were sample selection and parameter specification., Cur-
rent sampling procedures are usually a forn of proportional
stratified sampling, which requires identification of tesks,
meens for grouping tasks, and relative frequency of otcurrence
of the grcups. Parameter specification may require information
on {1) & higher-level requirament such as availability, (2) the
- of mainte ance-time distribution, and (3) achieved maintain-
9111ty on similar systems or equipments.

18
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2.4,6 Difficulties Experienced

The two difficulties mentioned =most cften in the survey wers
differences between the test environmsnt and the field environ-

ment, and the extsnsive resources required for plamning ant con-
ducting the demonstration. 3

Differences between test and field environments will always
be present, but every effort should be made to minimize them
through careful planning. On the othsr hand, there be ceases
in which duplication of environment will de costly and &ifficult.

A compromise approach is to know what the environmental
differences are and to adjust the specified paramster values
accordingly.

If the maintainability demonstration is considered mersiy an
exercise in statistics, with 1ittle or no enforcemsnt, the expefi~
cditure of funds 1s essentially wasteful. If the contractor knows
that fallure to pass the demonstration test will require further
efforts on his part to improve the maintainsbility design, he

will have the incentive to provide carefully for the nﬂ.n‘un- -
abllity demonstration. ’

Economy, of course, 1s still a major cbjective; rcareful
planning and integration with the complete test program is essan~
tial. Sample sizes can be reduced by using the moet efficient
tests or by accepting higher risks. Use of prior informmtion in

. & Bayesisn test 1s one new approach to limiting the amount of

necessary testing.

2.4.7 Opinions on Specified Maintainability Values

Almost &0 percent of the respondents believed that specified
meintainabllity values were realistic. It was noted, however,
that military and Government personnel were less convineed of
this realism (45 percentz tan industry personnel (63 percent).
Generally, 1t should be the customer (i.e., military) who speci-
fies quantitative values, but in practice the contractor mey
play & prominent role in such specifications.

2.L.8 Approsch to Maintainability Specifications

Four alternative apprceches to specifying maintainability
values were presented, and approximately percent of the
respondents favored an approach based on an allocation of a
higher-level requirement such as avallability or effectivencss.
Since most of the respondents were from industry, this might be
s reflection of thelr desire for flexibility, which might be

stated as follows: "Tell us your overall obJective; let us worry
about how we will achieve it",
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In many cases, this might be & prudent policy, but there are
situations in which complete freedom is undesirable. For axam-
ple, the following s2ts of MIBF and MPTR values will both yield
the same steady-state avallabillity of 0.90:

° Set 1: MI'BF 9; MITR 1

*-Set 2: MIBF 90; MI'IR 10

The cost of the two sets, however, can differ greatly. The

first set requires, on the average, 10 times ihe nuwber of min-

tenance actions as the second for continuously operated systems;
and 1 maintensnce consists generally of replacement, 3et 1 will
require mach greatar inventory levels. On the other hand, if

mission time is small, for example, less than one hour, a 9-hour
MIBF may be acceptable, but a 10-hour downtime may be operation-
ally unuacceptable from the viewpoint of readiness. If the sys-
tem 1is not operated between missions; Set 1 may be preferable.

Exanmples such as these emhasize the need for as complete a
specification ss possible for the overall requirement and asso-
cisted constraincvs, The application of an allocation procedure
under these conditions is generally & good policy, because 1t
provides assurance that requirements will be consistent with the
overall obJjective.

The second most frequently mentioned approach to maintain-
ability specification was the use of historical data. This is
a natural means for imposing realistic :equirements. It 1s gen-~
erally unwise to specify a maintainability value without refer-
ence to the state of the art.

Of course, tor new equipments, maintenance philosophles,
and operational procedures, there may be little relevance to past
history, and it 13 in such ceses that problems arise. In these
gituaticns, conservatism may be the most prudent course, because
the risk of failure 1s too great if large improvements over the
state of the art are expected.

It may also be posslble tc provide some flexibilicy in the
requirement so that as develcpment progresses and exploratory-
test results are evaluated, a realistic maintainability regquire-
ment for demonstration can then be invoked upon agreement batween
coutractor and customer. JSuch & policy will require some form of
restriction in the initial contract (e.g., minimumn and maximum
values) to protect both parties.

A third sppreach for new types of systems and maintain-
ability policlies 1s an incentive arrangement whereby only a mini-
mn mainteinebility value is specifiad. The demonstration
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procedure may then be an estimation process in which the incen-

tive payment or penalty is gesred to the estimate (eilther point
or interval),

2.4.9 Lognormel-Parameter Specification

To the question, which parameter or parameter coabination
should be specified if maintenance times were distributed log-
normally, the most frequent answer (10 of 36 responses) was the
mean/variance combinetion. This 1s surprising because (1) no
currently used method is based on this comibination; and (2) the
wrariance of & lognormal distribution, unlike the median per-~
centile values, is difficult to interpret.

Of the two central-tendency paremeters, the mean was includ-
ed in 26 responses and the median in 14, This is in agreement
with the response to the previcus question, in which allocation
was the preferred approach for specification, since the mean

possesses more desirsble properti.s than the median for alloca-
tion.

The mean/percentile coabination was the next preferred

specification, and this combination corresponda to several
MIL-3TD-471 plans.

Three responses referred to three lognormal parameters, but
since any two of the three parameters listed dictate the value

of the others, the three-parameter specificstions have little
Justification.

2.4,10 Type of Statistical Test

From the four categories considered, the most preferred
plan (assuming the responses were independent for each category)
would be a classical, sequential nonparametric test vased on a
combination of stmulated and naturally occwring fallures. Ko
currently used test procedure is a nonparametric sequential pro-
cedure, although Test Method 1 can be considered such a test
since the lognormal assumption 13 used primarily for converting

the lognormel-parameter specification to a binomial-parameter
gspecificatlon.

The nonparametric and classical-type tests are the clear
choices for the alternatives presented. The sequentisl test is
only slightly preferred over the fixed-sample-size test; while
the use of simlated failures only is almost as preferred as a
combination of similated and actual fallures.

2.4.11° Views on MII~-STD-U4T71

All plans recelved relatively good ratings on the three as-
pects listed. There was surprisingly little comment on the risk
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errors in the MIL-STD-471 methods. Many comments were related to
(1) the inflexibility of some of the methods, e.g., a fixed sample
gize for methods 3 and 4; (2) inappropriateness of the lognormel
assumption for specific types of equipments; and (3) the need for
large sample sizes.

The comment about inflexibility is valid since the MIL-STD-
471 plans do not generallyv provide for varying risks. The log-
npormal assumption may not nold for a specific type of system or
maeintenance comment, and that is why & nonparametric test is in-
cluded in the standard. However, other nonparametric tests are
svailable that would offer more flexibility.

The sample sizeré;.g., 50 for Test Method 4) 1s based solely
on thz risks, The o way to reduce the samnle size for a given
procedure 18 to increase risks (or effectively have less dis-
crimination in the test between acceptable and unacceptable
maintainability). The use of more efficient test procedures --
sequential rather than fixed, parametric rather than nonpara-
metric, and Bayesian rather than classicel tests -~ 1s another
alterngtive that can lead to reduced sample sizes.

2.4.12 Approval of Stratified Sampling

Twenty-seven of 37 responses indicated approval of strati-
fied sampling procedures. There were, however, many comments on
stratification, with many different suggestions for improving
current task-selection procedures. Very little comment was made
on the current use of analytical procedures based on simple ran-
dom sampling when, in fact, the sample observations are usually
obtained through a stratified procedure.

The reason most often given for favoring stratified sampling
was that it 1s the best way to ersure representativensess.
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: SECTION III
DEMONSTRATION AS A MATHTAINABILITY-PROGRAM ELEMENT
3.1 GENERAL

In 8Section I, the reauirement for demonstration as a
maintdinability-yrogram element as specified in MIL-STD-470 was
noted. The major points of paragraph 5.11 of MIL-STD-4T70 are
as follows:

{1) Maintainability demonstration 1s a contractuel re-
quirement.

(2). Maintainability demonstration will normally be per-
formed in accordance with MIL-STD-4T1.

(3) The contractor will submit a maintainuhility-demon-
stration plan.

(4) The maintainability-demonstration test will be inte-
srated with other system requirements.

(5) The formel demonstration will be conducted in an opera-
tional or simulated environment.

With regard to item 2, MIL-STD-471 contains the detailed
procedure, but of particular pertinence to this section are the
major elements to be 1nciuded in the maintainability-demonetra~-
tion plan, which are listed in Table II.

TABLE II

MAJOR ELEMENTS OF A MAINTAINABILITY-
DEMONSTRATION PLAN (MIL-STD-471)

Description of Demonstration Conditions
Description of Test Team

Description of Demonstration Support Material
Predemonstration-Phase Schedule

Description of Formal Demonstration Test

Retest-Phase Schedule

B il vk
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Timely planning and careful management of the maintaina-
bllity cdemonstration 18 required to fulfill the requirements of
MIL-STD-470 and 471. This chapter presents a general discussion
of scme of the major problems that can cccur 1n such planning
and management and offers guldelines for selecting and imple-
menting the best policies.

3.2 MANAGEMENT RESPONSIBILITIES IN MAINTAINARILITY TESTING

3.2.1 Development-Test and Demonstration-Test Management

The maintalnabllity-demonstration procedure is generally
the last of a series of tests and evaluations concerned with
maintainablility parameters. Each of these tests and evaluations
is designed to provide intormation about system maintainability.
Tests designed to aid in 1mproving or achieving desirable main-
tenance characteristics can be classified as Information tests
or de¢velopment tests. The management aspects of development
testsn and maintalnavility-demonstration tests are summarized
In Tables III and IV, respectively.

3.2.2. Overall Test Planning

It 18 the responsibility of management to plan and manage
the necessary tests 1n such a manner that pertinent and timely
information concerning malntalnability achlevement will be pro-
vided as economically as possible. Thile 18 not an easy tesk in
view of the meny unknowns that exlst 1n a typlcal system-develop-
ment program.

An overall test plan should be developed at the beginning
of the program. At this point, the plen will not be completely
detalled. However, 1t should provide ror determining specific
test requirements and procedures at some point before the testing
18 to be perfcrmed, &allowing the review of all aspects of the
tests by interested design, englneering, and management groups.

Since the features of many types of tests, particularly
those in the development stage, wlll depend on the achievements
made and problems encountered during the design-evaluation pro-
cess, the test program must be flexible enough to allow appro-
priate changes in test parameters, procedures, and declsion
rules. Such changes, however, should be carefully controlled
and reviewed by the cognizant Alr Force agency. Table V sum-
marizes toe steps necessary for overall test planning.

3.3 THE MAINTAINABYLITY-DEMONSTRATION-TEST PLAN

The declision to require a formal maintainabllity-demon-
stration test rests with the Alr PForce and should be btesed on
tactical consliderations, mission requirements, cost of tests,
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TABLE IIl
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MAHAGEMENT ASPECTS OF DEVRIOPMENT TEST'S

Purpose of Tests

To determine physical reslizability, bte determine funstiorald
capabilitien, to establish the bacic dasign.

' Responsible Groups

= Air Force or coniractor'z design-engineering grcup, with
support from other groups &s equired.

I

General Descripiion

" -J

Develorment teats are usually informal exploratory teats
designed *o provide fundamental R&D information about &
basic design. Nominal environmental levels are used unless
the test 1s specifically Hriented to checih for effecte at
environmental extremes. 3ample sizen are limited, but the
general principles of good experimentzl and statistical
design should be fcllowed.

Examples of Specific Types of Tests

ke

» Compcnent Acceasibility * Hermonizatlon Requirements
« Fault-Isolation Routines + Compatibllity Tests
- Test-Point Adequacy

. Test Scheduling

Not usuaily specified formally. Design-engineering group ;
estabilshes achedulez to meet design-development ohjectives.
Such schedules st conJorm tou development-progrum mile-
stones.

N T = DI S g o 7

Lyaih g

F Test Items

! Basic materials, off-the-shelf parts and assenmblies, proto-
s type hardware.

P

Test Documentation

iadini

1 ineering test reports and analyses. Mairtainability
information %o be documented fcr lat:r use in prediction,
evaluation, and vesting tasks.

o sy ek

Test Follow-Up Action

Determination of design feasibility or need for redevign,
Inmplementation of test Information in further design work.
Approval, modification, ov disapproval of design, naterials,
and parte.

Maintainability Provisions

Proposed materiels and deslgne to yleld uc.eptable maintain~
ability performance are tested on limited samples. Packag-
1n§ tests and component-intersction tests are exemples. All
ma ntainabiliti data should be fully documented fer future
use in prediction, ascesement, and later testing activities.
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TABLE IV
MARAGEMENT ASPECTS OF MAINTAINABLLITY-DEH.NSTRATION TESTS

Purpose of Tests

To demonstrate formally that the maintainability require-
nents &re achcivcd

Responsible Groupe

Alr Force or contractor's program-rinsgement, masintain-
ability, and effectiveness-agssurance grovys, wWith tests

" 1L R
rtades

monitored anc approved by the Air Force.
1 General Descriptim
it
§ Demonstrati 2 tests are performed on the major end items,

often at thy highest system level, under realistic opera-

ticnal and environmental conaltions. Rules are specilied

for classifying feilures, performing repairs, a.lowing de-

sign changes, etc. Time is an inherent teat parameter.

The test desiyn 1s usually directed towards providing a

:.pe::{icd stevistical confidenne for making &n appropriate
clsion.

Test Scheduling .
Demonstration-test schedules are normelly contract-speci- !

fied. They generslly occur before full-scale production '
but aftex initial produstiocn, whan test samples are avelil- . l

able.
Test Items

Production hardware at major end~item level. $
Test Documentation ]

Contract-specified proceduies or olause requiring contrac-
tor to sutmit complete fiest plan. Test results fully doocu-
mented, inclvding analyses and conclusions concerning the
maeting of contesmol rejuirements.

Test Follow-Up Actions _
Acceptance or rejection of equipment with respect to rain-
tainadility requiremsnts. Felilure to pass demonstration
tests »1ll pequire apprepriste design end assurence etfortes
on the pert cf the contractor.

Main uinability Provisiocns

Denonstration itsste are epecifiocglly designed to test for s
maintainadility and amcutcd paremetsrs at the equipment
and system levels.
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TABLE V
STEPS IN OVERALL TEST PLANNING

1. Determine test requirements and cimti'v:u

2. Review asxisting data to determine if w existing m
' ments cen te met without ta2sts _

3. Review 2 preliminery list of pham tests to detemine
whether economies can be' reslized Iy wnb&am &n&tvﬁul
test requirements

4. Dpetermine the necessary tests

5. Allocate time, funds, and effort to perforn these te¥is
Develop test specifications at an appropriate luvel, oz
make yeference to applicable ssctions of the system

cation to provide direction for later dnnm of ,' '
specifications

7. Assign responsibility for test conduct, moritoring, muu,

and integration

8. Develop review and spproval policies for tut-rqortmc PrO-

cedurea and forms

9. Ievelop procedures for maintaining test-status informsticn
throughout the entire program

. (=

and an evaluation ~f the likelihood of achieving the msintain-

abllity requirement simply as a result of gocod design procedures

without a demonsiration teat It is essential tc recogiize
that a maintalnability-demonstration test does not gusrantee
achieving the required maintainability It focuses the con-
tractor's attention on maintainability, but often this is not
sufficient unleesz penzlties for test failure are included in
the contreact.

3.3.1 Responsibility for Preparing Test Plan

There are no fixed rules for detemmining Alir Force snd
contractor responsibilitlies in preparing maintainability-demon-
stration-test plans. The peculiarities of individual procure-
ments require flexibility 1n the requirements for supplying
information. MIL-STD-471 ocutlines cortaln reguirements for @&
maintainability~-test plan, Jdenerally the plan is submitted as
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part of the contrector's propoas~l and includes details that are
appliceble to maintainability informetion supplied by the Air
Force. The specific informetion supplied to the contrector by
the Air Force should meet both of the following criteria:

d Ig should provide direction for developing the test de-
sign.

+ It should be based on operational or tactical constraints
or or & trade-off analysis.

In most cases, these criteria will be met if the following are
provided:

* Equipment configuratioﬁ for test

- Meintenance concept

' Maintenance environment

+ Levels of mainteh%nvc,to be demonstrated
* Modes of operation for the tvest

- Test team organization

3.3.2 Contractor's Responsibility

In his proposal, the contractor must include certaln infor-
mation about the maintainabllity-demoastration-test plan, re-
gardless of whether the information has been derived from the
Air Force or the contractor. The plan submitted by the contrac-
tor to the Air Force should include the elements listed in
Table VI, which was extracted from MIL-S¥D-471.

3.3.3 MKaintainability-Demonstration-Plan Milestones

The major miiestcnes in the development of a final main-
tainability-demonstration plan are list~d in Table VII, in which
it can be seen that the maintainability-demonsiration plan must
be continually updated as system development progresses, to re-
flect changes in requirements and design and to incorporate the
results of the maintainability-program design reviews, predic-
tions, and assessments.

Specific dates for review by the procuring activity should
be established st the time the contract is awarded. Before %he
test 18 conductedy the maintsainability-demonstration plan ond
detailed procedures pust receive final approval of the review-
ing activity.
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TARIE VI
ELAMENTS CF CONTRACTIOR'S MAYNTAINABILITY-DE2ONSTRATIOM TEST |

Desoription of Demonstration Conditions

. Quantitative mainteinability roquirulontu
Maintenance concept ' : ~
Mainteinability-demsonatration environment : £
Levels of maintenace to be demonstysted :

: Demonstraetion sites and facility r'qnincu-nts 1 X
3 Participeting ageneies . i
Mode of operation for the test
Item(s) to be demonstrated

Description of Tes’ Team

‘. Organizetion

i Degree of perticipation for contrastor and precuring
{ activity

Assignment of apecific responsibilities 1
Qualification, quentity, ané trnin&n; of tctt«tcﬂn ’ev!-nel

Description of Demonstration Support Meterial

Support equipment

_ Tools and test equipment

E 31 Technical publications

Spares and consumables

Safety equipment

Calibration support requirexents

?- Predemonstration-Fhase Schedule

. Assembly of test team
Training
r' Preparation of facilities and aupport materiesl

Description of Formal Demonstration Teat

Test objectives

Schedizle of tests

Task-selection method

Teat method

- Data-acquisition method

< Analytical and calculation methods

£ ) Specific data elements

: Time units of measurement

] Type and schedule of reports

Description and schedule of preventive-maintenance tasks
Description of corrective-maintenance tasks

Retert Phase
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TABLE VII

NILESTONES IN THE DEVELOPMENT OF THE

MAINTAINABILITY-DEMORSTRATION PLAN AND PROCEDURE

Period

3

Input

Qutput for Maintainabiliity-
Demonsatration Applications

Preproposcl and Proposal

Congreact Award

System Development

Finel Test Planning

Predemonstration Phase

Maintuinadility Demen-

stration

-

Retest Phase
{4f necessary)

Initial work state-
ment

Final technical and
cost requirements

Maintainability
design; development-
test results; main-
tainebility predic-
tions and analyaes

Overall system-test
program

Maintainsbility-
demonstration plan

Approved maintain-
ability-demonsira-
tiocn plan enéd pro-
cedures; equipuent,
faclilities, materinl
and person..el

Results of maintain-
ability-demonstra-
tion tests; retest
plan

Propesed maintainability-
demonsatration plan

Updating of maintainablility-
demonstration plan

Revisions to maintainability
demonstration plan

Final maintainability-demon-~
stration plan; integration
with overall test program

Test team, facilities, and
support material assembled;
detalled procedural methods
for sampling, analyzing, and
reporting results completed

Results of meintainability-
demonstration tests

Results of retest
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Alshough the basic purpose of mmnt: mm
is control, ARINC Research Corporation has found, duri ¥
course ¢f seversl demonstration-mordtoring m, that an :&nf
portant by-promct is the discovery of faults and s
degrade an equipment s reliability and maintainability.

The ccments in Table VIII were cxbrutum alm
Research leivter reports to military customsre presenting
servations of ARINC Research persennel monitoring maintadn :
demonstrations. It can be sean from these scaments thet the
maintainabdility demonstration can provide information ehding
improvements ii. manuals and suppert equipment, y
design, overall maintenance-dasign philosephy, ng, ané
sparing. DPecause of this desirable by-product of the
ability-demonstration effort, the customsr should plan te¢ have
knowledgeable representatives monitoring the test to dlssover
design deficienciles and recoomend means for W¢

Crutractual aliowance for remedying serious deficdes
shoutd also be considered. A specifis maintenance [
procedure may not cause oxcessive downtime but mey make the
equipment unsafe or highly failure-prone during operstiocnal
use. It is thus important to recognize that the passing of ‘the
demonstration test does not necessarily mean that major or criti-
cal improvements cannot or should not be made.

0f course, if the equipment passes the test, ths contractor
may not be obliged to act on recommendations resulting from the
demonstration, but may do so for changes that can be easily in-
corporated. If the recommended changes will yleld a aignificant
improvement, contract renegotiation may be called for. In any
event, for additional procurements, such as full-scale produetion,
the custumer should act positively on the information provided by
the results of the demonstration-test monitoring.
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TABLE VIII
COMMENTS OF MAINTAINABILITY-IEMCNSTRATION OBSERVERS

L,

"¥o special rt equipment was used during the demon-
stration to isolate the inserted faults. A module puller
was used, however, to remove the modules. This item is
not regquired, but assists in module removal and minimizes
possible module damage. It is recommended that a module
puller be procuved and made available to the customer.”

"It is reccmmended that future procurements address a re-
gquirement for greater ease in the removal and replacement
of terminal a&assemblies than now exists. Assembly guide
rails and guide pins, securing devices requiring noc special
tools, and use of receptacles and plugs in lieu of terminal
boards and taper pins, where appropriate, are cases in
point. A form factor permitting convenient removal of
assemblies from the front of the mounting racks (without
disturbing other assemblies) is an Important feature for
field installations."

"The technicians relied almcst exclusively on the handbook
eignal-flow diagrems for feult isolation during the demon-
stration, and they commented that the diagrams were superior
to conventionul schematic diag:rams. On the basis of their
effectiveness in the demonstration, it is recommended that
signal-flow dlagrams dbe incorporated extensively in all or-
ganizational-level maintenance publications."

"Individual maintenance mocules of the AN/XYZ are suscepti-
ble to damage when removed from the equipment. It is
recommended that sultable containers be developed to pro-
tect modules in transit to and from repair facilities."

"Replacement of the Tube/Shield Assembly (AB123) is diffi-
cult and time-comsuming. During the demonstration, re-
placement time exceeded 45 minutes for two technicians
working together.

"It is recommended that captive hardware be used to attach
the faceplate end the Tube Shield Assgembly and that the
yoke and ground wires be connected to chaseis wiring by a
bayonet-type connector.”

"Connectors C3, 05, and C6 &re all the same size, are lo-
cated side-b, -side, and have identical external-plug hous-
ing keying. However, the internal pins of e&ch connector
ere arranged in patterns different from other commectors

{continued)




TABLE VIII (centinned)

80 that only the corréct plug will fit tho conneetor. »
probler: arises in that the plug housings will fit the key-
ing on any of the four coanectors, and only the connector-
pin pattern prevents the plug mating. If sufficient force
iz applied, pins can be damaged.

"It is recommencded that the keying on all four of these
plugs and connectors be cnanged so that e&ah pair is unique,
preventing the possibility of pin demsge.”

"The module guides in the AN/FJK equipment used in the
raintainability demonstration (serial number 1) were very
weak. One gulde was broken off and allowed & module to be
inserted skewed. The module was improperly seated, which
resulted in & dlcde fallure. Other module guides were
loose and allowed the modules to be improperly seated in
their plug-in connectors. The contractor has noted this
design deficlency, and has incorporsted an improved moduie
gulde that is much stronger than the guides used in the
serial number 1 equipment. The contractor stated that all
subsequent production units will contailin the new isproved
module guides."

"The front-access modules (M1, M2, M3) are retained in
place by the hinged face plate of the indicator. Techni-
clans on two occaslons during the demonstratioan failed to
fully insert the Selection/Deflection Amplifier (M3) result-
ing in improper equipment operation. In all caees; closing
of the hinged front panel was difficult because cof inter-
ference between the Tube/Shieid Assembly (!M1) and the bezel
gasket assembly.

"It 18 recommended that front-access modules be retained
by fasteners (preferably quick-release captive type) to
ensure full insertlion of modules in their receptaclea, and
that the bezel/module interference be corrected.’

"Lamp Driver Assembly (L6) circuit-card replacement is ex-
tremely difficult. The techniclan must lean over the ex-
tended Display Tube Subassembly and, at the limit of his
reach, release two aquarter-turn fasteners wlth a screw-
driver. He must then slide the assembly toward himself -
and rotate 1t approximstely 135 degrees on ilts cableeg for
access to the circult cards. The circult cards require
excesslve force for removal and insertion. During the
demonstration, a technician broke one af the cable wires
while replacing a circult card even though he exercised
great care.

"It 18 recommended that the Lamp Driver Asaembly be repack-
aged for satvisfactory in-place maintenance.'

-




SECTION IV
THE STATISTICAL BASIS OF MAINTAINABILITLY-IEMONSTRATION

4.1 GENERAL

A maintainability-demonstration test provides the informsa-
tion necessary ‘for accepting or rejecting the product with re-
spect to conformance to stated malintainability goals. The
demonstration effort, therefore, provides the input to a deci-
slon process. Since this input is statistical in nature --
that is, the resultas of the test are not constant, but are sub-
Ject to statistical (random) fluctuation -- 1t is necesscry to
consider how such fluctuation can result in incorrect decisions.

In practice, an &accept or reject decision may not be the
only alternative (e.g., the decision mey be to "accept" after
& specified design change is made). However, it is easiest t¢
lock at the maintainebllity-demonstration effort from the ac-
cept/reject viewpoint to avoid having to consider all poesible
types of decisions that can be made.

L.2 DECISICN ERRORS

If the discussion is restricted to accept/reject decisions,
two basic types of errors can be made:

Type I Error: Reject the equipment for not meeting its
meintainability requirement when, in fac?%,
it has.

Type II Error: Accept the equipment as meeting its main-
tainability requirement when, in fact, it
has not.

The Type I error is detrimental primarily to the producer
since his acceptable equipment 18 being rejected. The consumer
also wants to minimize this error since he often has immediate
need for the equipment and would rnot want to experience the un-
necessary delay caused by this type of error. In the terminology
of acceptance testing, this error is often denoted by alpha (u)
and 1s called the producer's risk.

The Type 1I error is detrimental primarily to fhe consumer
since he is accepting equipment that 18 below standard. Unless
there 1s a contractual requirement for the producer to maintain
acceptable operational performance, he has no direct interest
in the Type II error. This type of error is called the con-
sumer's risk and is usually d=ncted by beta (8).
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It 1s emphasized that for any type of decislion procedure i
in which acceptable and unacceptable levels of maintalinability
can be defined, the Type I and Type Il errors are always in C
force. The statistical theory of acceptance testing allows for
* eontrolling such errors by controlling the sample size, select-
ing appropriate test statistics, and invoking an applicable ge- -
cision criterion. -

4.3 THE TEST HYPOTHESIS

Because of the statistical nature of demonstration testing,
the basis for decision is developed from the statistical theory
of hypotnesis testing. In malntalnability testing, the hypothe-
8ls under test -- called the null hypothesls and denoted by
Ho -~ 18 usually that the submltted product conforms to the

maintainabillity requirement. An alternative hypothesis, de- ;

noted by Hl’ 18 also specified (or implied); 1t statec that the \'
product 1s7at an undesirablie maintalnabllity level. Rediection

of the null hypothesis is equlvalent to acceptance of the alter-
native hypothesis.

B A it et

For example, assume that the parameter of interest !s mean
corrective-maintenance time, denoted by MEt' Then two basic

forms of teat hypotheses are as follows:

TEST I TEST II.
H: Mét = 30 min Ho: Mﬁt = 30 min
Hy: Mét = 60 min Hl: MEt > 30 min

For Test I, H and H; specify unique values for MEt and

with respect tc thia characteristlc are called simple. Strictly
speaking, a simple hypothesis 1s one that completely specifies
the distribution of the random variable. If maintenance time

is cxponential -- i, e., f(x) = %-e"xé9—-e is uniquely deter-

mined by a mean speciflication such as those of Test I. For a
two-parameter distribution such as the normal or lognormal,
neither Ho nor Hl of Testa I and II unlquely determines the

distribution. For Test II, H1 does not specify a unique value
and 1s, therefore, called composite with respect to ﬁEt

The relationship between the test hypotheses and the de-
cisicn errors is now evident. For both T.sts I and II above,
H0 represents the more desirable malntainability level, and
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tne rejection of HO when it 1s true would represent the produ-
er's rigk a. H1 for Test I represents an undesirable level of
maintainability, and acceptence of &n equipment (equivalent to
eccepting Ho) when H, is true 18 a risk %o the consumer. Test
Ii, however, does not specify a unique value for Hl; thereflore,
the consumer's risk cannot be evaluated.

If the Test I hypotheses were to be invoked and the
necessary dlastribution assumptions on maintenance time were
valldated, the assignment of a and £ riaks corresponding, re-
spectlvely, to rejecting Ho when 1¢ is true and accepting Ha if

Hl is true would generally be sufflcient for devermining the

sample size, n, test statistic, and declsion criterion to mest
these risk levels.

If the Test II hypotheses are to be invoked, the general
procedure is to use as large a value of n &8 possible, since
this will minimlize the a risk as well as minimlzing the chance
of accepting HO when it is false. This conclusion is simply &

result of the fact that the variance of an esti.ate generally
decreases ag the sample size increases, and, thus the larger
n 18, the more precision in a sample statistic =rd the lessn
risk of an incorrect decision.

. Because of the importance of the test hypotheses and asso-
clated risks, a seperate section (Section V, The Maintaina-
bility Demonstration Specification), is presented to provide
guidelinea for parameter and risk specification.

4.3.1 gSpecification in Terms of Confidence Level

Test requirements are sometimes specifled in terme of con-
fideance levels. Such a specification, however, 1s subject to
sericus mlsinterpretation, as the followling exaemple illustrates.
Assume that the specification states: ". = .a sample shall be
tested tc determine with 90-percent confidence that the equip-
ment conforms to the requirement of & 1/2-hour meen time %o
perform corrective maintenance. " Two reasonable test cri-
teria are:

Tesv I: Compute the 30-rercent lower confidence limit, My, -
Since there 1s 90-percent confidence that the ftrue
wean bime to repair is greater than pp, 1f Wy >1/2,
reject the equipment; otherwise, accept 1t.
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Test 1X: Computs the “d-percent upper confidence limit, by

Since there is 90-percent confidence that the true
mean time to repair is less than u, then if “U‘ 1/2,

accept the equipment; otherwise, reject 1it.

Test I is equivilent to one in which the produceris risk is
10 percent at a true mean of 1/2 hour. Test II is equivalent to
ong in which the consumer's risk is 10 percent at a true mean of
1/2«hour. The difference between the two tests is apparent: The
former reguires that equipment with a mean corrective-maintenance
tims of 1/2-hour be accepted 90 percent of the time; the latter
reguires acceptarce only 10 percent of the time 1f the equipment
M, 1s 1/2-hour.

Most specificaticens of this form are designed to represent
a Test II criterion. This critcrion makes no provision for the
producer's risk at a highly acceptable maintainsability level.
Many plans will meet the criteria of Test IJ. Generally, the
lowver the sample aize the higher the producer's risk for a
fixed confidence and maintainability level.

In any case, if a test specificaticn is to be made in the
form cf a confidence interval, it is imperative that 1t bte made
clear whether the maintainability numeric represents an &ccept-
able or unaccepteble maintainabllity level.

4.4 RELATIONSHIP OF RISKS TO SAMPLE SIZE

For most tesats, the magnitude of a and 8 and the number
of test observations, n, are interrelated in such a manner
that specifying any two of the quantities determiries the third.
In the past, for nonsequential tests, & and n were usually
speclified and & test was cheosen to minimize the f error. For
acceptance teeting, the trend now is to snecify P instead of a.
If it is impertant that both ¢ and £ be vyecifiled, the sample
gize 18 no lenger at the discretion of the experimenter, as
‘shovwn for many of the f{ixed-semple-size plans presented in Sec-
tion VII. In sequential sampling, o end B must be speci’led in
advance. and the sample aslze is a-random variable since 1ts
value is not predetermined but will vary over successive tests,

4.5 THE OFERATING-CHARACTERISTIC (0.C) CURVE

By sprecifylng twc of tne three quantities , Q,and £, the
accept-reject criterion of the acceptance test 1s uniquely de
termined for a givin family o1 tests (e.g.., & fixed sample test
under the lognormal assumption with known veriance). t 18 then
possible to generatz the 0.C. curve of the test plan. This
curve shows the probabllity of acceptance over all possible in-
coming mainteinebility levela. Two polnts on the 0.C. curve
are already detcrmined -- the ¢ and B pointe with theilr cories-
ponding maintainabillty levels, whizh are given by H, end Hl’
regpectively.
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For example, asaume that the specification 1s in teyrms of
ths mean corrective maintenasnce time, and that H, 1s '%t s 15

“Qt’

minutes and H, is H;t = 40 minutes. The & risk is 0.10, and the

f risk is 0.20. The general shape ol the 0.C. curve will then

be as shown in Figurc 1.

The probability of acceptarnce can be interpreted as the
longrun proportion of equirment or lots that will be accepted.
If, for example, the 0.C curve shows that an ﬁct of 25 minutes
will be accepted with & probability of 0.65, then in vhe long
run 65 percent of all incoming products with a 25-minutes ict

will be accepted.

1,0 ]
S1l-a=0.90

f = 0,20

Probability of Acceptan

(minutes)

For the acceptance test: H
H

o
i

FIGURE 1
TYPICAL 0.C. CURVE
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: ﬁct = 15 minutes
: ﬁct = 40 minutes, a = 0.10, B = 0.20,
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4.6 TYPES OF MAINTAINABILITY DECISION TESTS

. A decislon test may be classified in many different ways.
Some of the more important categorizations of maintainability
tests are discussed below.

b.6.1 Type of Measurement

Measurement type 1is usually categorized in terms of attri-
butees or classification data and variable cr measurement data.

In maintainability testing, the usual attribute-type test
is one in which a success/failure determination is made on each
semple observation according to some pre-established criterion.
Thus 1f the maintainability requirement 1s related to maximum
duration of repair times, & corresponding attribute measurement
is that a perticular maintenance-task observation did or did not
exceed a specified maximum time. The actual time spent on the
task 18 not directly used in the decision criterion.

A variable measurement, on the other hand, does employ ac-
tual measurement of a random variable that is continunusly dis-
tributed. For maintainability tests, such random variables are
usually meintenance times. .

For cases in which either type ¢ mreasurement may be em-
ployed, such factors as type of iInfoimat on provided, degree
of protection afforded, amount and cost of iaspection, and ezce
of adninistration should be considered. Table IX summarizes the
advantages and dlsadvantages of each type of measurement with
respect to these.considerations.

4.6.2 Type of Maintenance-Task-Sample Selection

Testing & system's malatainabillty requires sampling from
the varlous possible types of maintenance tasks that comprise
the hypothetical total population of maintenance tasks. The
major alternatives to consider are whether induced (simulated)
fellures or naturally occurring faillures are to be considered
end, i1f the former method is chosen, whether simple randomn sam-

pling 18 appropriate. Section VI covers these altematives in
detail.

4.6.3 Single, Multiple, and Sequential Sampling

Single, multiple, and sequentlial sampling plans can general-
ly be devised such that each affords the seame degree of protec-
tion or has nearly identical 0.C. curves. For convenience in
the discussiorn that follows, an attributes test is assumed where-
by a sampled malntenance task 18 categorized to be either a
svncess or & fallure according to whether the maint.:nance time
16 lesa than or greater than some specified number. For ex-
ample, such ¢ criterlon might be used to test whether 8C percent
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TABLE IX

COMPARISON BETWEEN ATTRIBUTES TEST

ARD VARIABLES TEST

Factor Attributes Test Variables Test
Type of Number or percent of Observed distribu-
Information sample that meets tion of some quan-
Yielded some specified titative output

Type of Main-

charactaristic

Meulan or percentile

Mean, median,

tainability most commonly used percentile, and
Goal varliance are most
common
Sample-Size Higher than variables Lower than for
Requirements test for correspond~- attributes test
ing plan for corresponding
plan
Ease of Data recording and More clerical and
Application analysis relatively analysis costs than
simple for attribute plhans
Statistical Applies to both Requires an assump-
Consider- paremetric and tion on the under-
ations nonparametric tests lying distribution

unless large sample
properties are
assumed

e At

of all maintenance actions take less than 20 minutes -- a bi-
nomiel-type test in which the hypothesis is that 20 minutes
is the 80th percentile.

In single sampling, one sample of n 1tems 1s tested. Ao-
cept or reject declsions are made on the basls of the results
by comparing the number of observed un&ccepteble malntenar o
actions (i.e., one that takes longer than 20 minutes) wit..
predetermined acceptance number, c¢. In multiple sampling,
C more than one sampie may be necessary before a decision ig

by
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reached, but the meximucx number of samples and thus the maxi-
mur number of items tc be tested is known. An example is a
double sample plan with the following test criteria:

2, (1st samplie size) = 20
cy (accept number for first sample) = 3

n, (2nd sample size) = 40
¢s (accept number for both samples) = 7

A first sample of 20 items i1s taken. If 3 or fewer unac- !
ceptable maintenance actions are found, an accept declsion is 1i
made. If 8 or more unacceptable maintenance actions are found,
¥ rejection takes place. If 4 to 7 unacceptable maintenance sc-
& tions are found on the first sample, a second sample of 40 items }
R is taken, snd an accept decision 1s made 1f the total number of
,E{ unacceptable maintenance actions i1s 7 or fewer.

E:

Sequential sampling 1is an extension of multiple sampling t
in that decision to accept, reject, or sample further can be
4 made after each individual item (or possibly grour of items)
9 is tested. For a standard sequential plan, no meximum number
g of sample items is specified, although the probablility of very
8 large sarples is wusually quite small. The decision criteris q
K of & sequentlial sampling plan can be presented grapnically. . )
o Rigure 2 1llustrates a sequentlal test based on a binomial dis-
tribution where the number of unacceptable maintenance actions
is the decision statistic.

. et ac WA Bl £

As sampling progresses, the number of unacceptable main-
> tenance actions 1s plotted against the number of items t« -ed.
fi Testing is contlinued until the plotted step function cros.:s 1
: cne of the two declsion lines. Slnce the step function may re- ]
malnr in the continuous testing reglon for a long pericd, especl-
ally for borderline lots, truncation or stopplng rules can be

specified so that the effect on the a and B errors is negligilble.

A

iiagha

B . it

Multiple sarpling generally requires less testing than
single sampling, and sequential sampling requires less testing
than multiple sampling -- because lots witi: very good or very
poor quility will exhibit such charecteristics early in the
testing and decisions can be made before multiple samples or
further semples in a sequential test are requilred. Since the
first sample of a multiple sampling plan 1s always smaller than
a single sample and since declsions on sequentlal tests can Le -
made after the results are obtained for each test item, such 3
savings.in sample size can be extensive It is emphasized that
the exact sample size of multiple or sequentlal sempling plans :
is not predetermined but 1s a function of the quality of the :
submitted product. The average sample for various levels of i
incaming quality can be computed, and the results can be plotted 1 1
tc yleld an average sample number (ASN) curve. ]
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10 Reject-Decision
Line

Continue-Testing
Region '

Number of
Unacceptable Maintenance Actions

Test Resulis

Accept-Decision
o Jl"" - Line B
r
0 l ] ] . L ] ¥ |
0] 10 20 30 4o 50 60 70

Number of Tests

FIGURE 2

GRAPHICAL REPRESENTATION OF
SEQUENTIAL ACCEPTANCE TEST

An example of these curves is shown in Figure 3 for a main-
tainability-demonstration test in which the null hypothesis 1is
thaet 20 minutes 18 the 95th percentile versus the alternative
hypothesls that 20 minutes is the 80th percentile. The o risk 1s
0.10, and the B risk is 0.05.The single sampling plan is N = 50,
C = n Curves for equivalent dcuble and sequential plans are
shown 1n the flgure,

Table X 18 & summary comparison of some characteristiczs of
single, multiple, and sequentlial sampling plans.

4.6.4 Parametric and Wonparsmetrlc Tests

A paremetric test 1s one in which the underlying proba-
bility law of the random variable 1s assumed to take a specific
form. In parametric malntainability tests, for example, it is
often assumed that maintenance time 18 & random variable that
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can be adequately described by a log-normal distribution. Non-
parametric or distribution-{ree tests are those in which no &s-
sumptions about the underlying probability law are made. It 1s
noted that nonparametric tests do not deal with magnitude but

with attribute characteristics such as rank, frequency, and
ordinal position.

Although the distribution of the attribute tested must be
known, 1t can be iInferred without knowing the population dis-
tribution of the basic random variable. For example, the number
of maintenance-tesk times (the attriuute) less than a constant is

a bilnomial-distributed random variable under some general require-

ments, irrespective of the distribution of task times (the basic
random variable).

Generally, paremetric tests are more efficlient than non-
pararetric tests since, for a given amount of testing, more pre-
clse eatimates or smaller probabilities of incorrect decisions
will result than for nonparametric tests. The limitations on
the types of parameters that can be tested constitute a disad-
vantage of nonparametric tests. For example, nonparametric
tests of central tendency apply only to the medlan, while the
speci:'ications may be in terms of the mean.

It is emphasized that an incorrect assumption of the under-
lying probability distribution in a parametric test can lead to
an 0.C. curve that differs greatly from that planned, especially
for small sample sizes. Also, nonparametric tests are generally
easy to conduct and evaluate, often requiring only counting,
adding, subtracting, or ranking. Because of these two features,

nonparametric tests are now receiving much more consideration
than in the past.

4.6.5 Classical and Bayesian Tests

A Bayesian test can be generally def'ined as one that employs
prior informatisn in the decision criterion concerning the ran-
dom variable of interest. The discussion up to this point has
been primarily concerned with classical-type tests. It is
noted tha¢ prior information ls used in developlng a sampling
procedure for stratified sampliing, but such use involves test
design rather than the decision criterion.

The classlical.test, as shown earlier, involves a decision
criterion based on prescribed probabilities of acceptance for
specified maintainability levels. TIn a Bayesian test, the test
results are combined with the prior information to yield a re-
vised (Bayesian; estimate of the actual distribution or para-

meter, and decislons are made according to the desirablility of
trhis estimate.
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In essence, if an M of one hour 13 highly desirable, the
b,

classical test 1s design8d such that P [accept|f .= 1 hr]is

high. A Bayesian test would be one for which P[ bt hr|accept]
1s high. E

Class’cal tests as defined here are well documented, have
been shown to provide the necessary protection against rejecting
good or accepting bad product, and thus have been accepted as
being a reasonable approach towards assuring product guality.

Bayesian tests are relatively new and thelr application
will therefore have to undergo a trial-and-error and learning
process. They do possess two distinct advantages over classi-
cal tests: (1) they provide for using available information
and therefore have the inherent capability of reducing the
test time required vefore a decision 1s made; and (2) they can
provide assurance on the distribution of outgolng oxr accepted
product, whille classical tests generally provide no such con-
trol per se.

The major objection to Bayesian tests has been the strong
dependence on a prior distribution -- the exlstence of which

some deny and others claim cannot easily be obtalned so as to
be useful.

The great lnterest 1n Bayesian statistics, as evidenced by
recent research in statistical theory and applications to main-
tainability, rellability, and associated disciplines, points to
greater use of Bayesisn approaches 1n the future.
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SECTION V

MAINTAINABILITY-DEMONSTRATION-TEST SPECIFICATION

g e

m o

e

5.1 GENERAL

e
i g

L maintalnabillty-demonstratlon-test specification is
defined here as a set of numerical requirements and associated
risk levels that will govern the design and decision criterla of

the test, For the most common tests, this specification involves
decisions regarding the fcllowling:

3

e BT
» 2y b

- Type of malntelnability index to be specified

e

* Acceptable and unacceptable values of the index

+ Assoclated risk levels

For example, the test specification might be as follows:

HO: Mean corrective-maint-nance man-hours = 40 minutes

Hl: Mean corrective-maintenance man-hours 80 ninutes
2@ =0.20, 3 = 0,10

A test based on this specificatlon must be designed such
that

P (reject liﬁét

It

40 min) = 0.20

li

0.10 '

P (accept |MH,; = 80 min)

The follcwling are scme of the uore lmpertant requisites faor
a maintainabllity-demonstration-test specification:

¢« Tre meintalnability index chonld represent a measure thsat
1y directly influenced by equivment design so that the
proiucer can plan for high essurance cf a pass declsion,
but bears the responsibllity for a reject d=clsion.

- Relationships (at lcast qualltative) between design
parameters and the maintalnabllidty index should be known
so that design evaluations and predictions are possible.

* The rnalntalnability ind=x should be approprlate for, and
measurable in, the demonstratlion-test environment.

+ The malntainabllity index should be related to higher-
level system-regqulrement parameters, and numerical values
should be conslistent with vilues for thess hlgher-level
parameters,
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* Adequate sampling ani statistical-evzluation procedures
should be available for demonstrating conformance to the
requirement.

¢ Specified maintainabillity index and risk values should nct
lead to sample sizes that would excezd avallable test
resources,

Not all of these requisites are necessarily consistent, and
often they cannot all be adequately satisfled. A requirenent
consistent with higher-level goals may result in specifiled values
that require sample sizes larger than expected., Tests for con-
formance to certailn types of requirements may require complex
statistical tests that may not be desirable.

It is, therefore, important that the demonstration-test
specification be prepared as early as possible so that its im-
plications can be fully evaluated. This will then allow time for
a trade-off analysis between test costs and risks of incorrect
decisions.

Further detalls on the three major factors of a maintain-
abllity-demonstration specification are discussed in the remalin-
der of thils section.

5.2 TYPE OF SPECIFIED MAINTAINABILITY INDEX
There are many different types of indices that can be speci-

fied for a maintainability demonstration. Some of the more usual
alternatives for three major factors are as follows:

Factor Alternatives

Type of Maintenance Action Corrective rmaintenance,
preventive meirtenance,
total maintenance

Type of Statistical Measure Mean; median, variancs,
peccentile

Type of Time Measurement Equipment downtime. man-
hours, man-hours per
operating hour

The above listing represents a possible 26 alternatives;
two such are mean corrective-maintenance men-hours, and the 95th
percentile of equipment downtime due to all types of maintenence.
In addition, there mey ve multiple parameters such as a mean and
percentile and specification of higher-level indices that include
maintainability such as availability or effectiveness.
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The cholce of an eppropriate form of the meintainabllity
index can, therefore, ve g difficult one., It is {he purpose of
this section to provide some guldelines for selecting an inder
appropriate for the malnteinabillity-demonstration task.

It 1s emphasized that ore of the basic purposes of a main-
talnabllity demonstration 1s to provide assurance of accepting
equipment with satisfactory maintainability characteristics,

This assurance cannot be guaranteed uniess the definition of
"satisfactory maintainability characteristics" is established.
This 1s rot usually an casy task. For example, the operational
commander would prefer to have his critically needed equipment
operationally reaedy at all times. The base malntenance commander
would prefer equipment that does not tax hls manpower organization,
and nmaintenance man-hours may be of more 1rportance to him, Cost
control may, perhaps, best be achleved with an index of malnte-
nance man-nours per operating hour.

One gpprosch that at first might appear reasonable 1s to
speclfy several types »f indices, such as mean corrective-main-
tenance time, mean nunmber of corrective-maintenance man-hours,
and man-hours per flight hour. However, these indices are re-
lated, and 1t 1s quite difficult to develop and apply a valid
test for all three indlces. Even so, the fact that they are re-
lated 1s helpful since the relationships can be used to specify
a value for one type of index with falr confidence that an ac~-
cepted equipment based on a test of this index will be satisfac-
tory with respect to the related index. Some of the more impor-
tant relationships are reviewed in the following subsections for
each of the three factors cited above.

5.2.1 Type of Maintenance Action

A corrective maintenance action is one performed to restore
an item to satisfactory condition. A preventive mmintenence
action 1is one performed to detect incipient fallures or prevent
future faillures. Thesa are quite general definitions. For ex-
ample, in practice, for many supposedly corrective-maintenance
actions, no trouble is found and, therefore, no true corrective
action is perforued.

For specification purposes, the distinguishing feature be-
tween the two types of maintenance 1s that, generally, corrective
meintenance is unscheduled, while the preventive-maintenance
schedule can often be controlled.

Therefore, with respect t6 an operational requirement such
as availability, corrective maintenance is more critical 1i pre-
ventive meintenance can be scheduled so as not to conflict with
operational demands. This may not always be true, however. If
the Air Force requires overhaul of a Jet engine after 600 operat-
ing hours, and i1f no speres are available and the aircraft is
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subject to random demand, the preventive maintenence saction of
overnsuling tha engine 1s as critical as a corrective malntenarnce
action. If a spare engine is installed durlig the overhaul, the
imortance of preventive-maintensnce tilire with respect to
operational needs 1s diminloaed.

The frequency and duration of preveative msintenance actions
directly affects malatenance-manpower control., .Jgaln, since such
actions can often be zcheduled, the specificatlion of a zorrective-
maintenance parameter may be more imyortant than specifiing
preventive maintenance.

The cholce of whether separate 1ndices or combined indices
(total downtime or man-hcurs) of malntalnahility should »e vsead
depends on several factors. If corrective malntenance 1i:s more
important than preventive mainternance, separate indices &nd sep-
arate tesis may be preferred. If downtime due to any cause 1s
critical, a total-downtime index may be used.

from the statistical viewpcint, sevarate tests are preferred
gince the distributions of tne two types of actlons might be dif-
ferent and combining both types would result in a mixture of two
distributions, which hinders development of an appropriate test.

There 1s generally a poslitive correlation between the sta-
tistics for preventive malntenance and those for corrective-
maintenance. Many of the tasks are identical (e.g., the filnal-
checkout routine), and the factors that »epresent good or poor
maintenance characteristics will generally affect both types of
meintenance action in the same marner. For example, 1f pocr
accessibility is a major contributor to excessive corrective-
maintenance time on an equipment, it will also adversely
influence the preventive meintenance action,

5.2.2 8Statlistical Measures

The mean and medlan aré central-tendency parameters, the
variance 1s a measure of spread, and the percentile specifica-
tion provides a control on extremes. Mathematically, 1f x
represents the random variable of interest and f(x) 1ts contin-
uous probabllity-density function, the following are defining
relationships: '

- b

Mean: E(x) =f xf(x)dx
1 | M(x) -

Median: M(x) = the value of x for which f f{x)dx = 4

: o ) -0

=.I f£(x)dx

M(x)
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Variance: V(x) = E [x-E(x)]2 - 7 [x-E(x)]Q f(x)dx

(1-p)th Percentile: X; = the value cf x for wnich

©

JQ f(x)dx = p

p

For symmetrlcal dlstributions, the mean and medlan coincide.
The meclan 1s also the 50th percentile. An 1lndirect control on
the varlance can be provided by a two-parameter specification
such as the mean and 95th percentile or the medlan end 90th per-
certile. To demonstrate this, the normsl distrlbution with the
following deneity is considered:

1
1 o8 (x-u)®

£(E) = € 2c®

where & 1s the mean and 02 is the variance. The (1 -p)th per-
centile of the normal distribution 1s glven by

= 7 o
Xp = h + 5

where Zp 1s’ a standardized normal deviate corresponding to the
(1-p)th percentile of a normal distribution with mean O and
variance 1. For p = 0.05, Zp = 1.645, Thus if the mean &nd the

95th percentile werzs specified to be . and 3, respectively, the
following would be obtalned:

w=1,0 =5
XO.OS = 3.0
Then, from the definition of XO.OE’

xO.os = @+ Zpo

or O = _Zgg_ = 1.22
1.645
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The alstributlon most appilcable to :malntenance times has

been found “o be the lognhormal distrivution.? The density func-
tion 1s

)2
L C2gl
f(x) = —= g =Y s X2 O
Jom ax

o (in x-6

If a random variable has a lognormal distribution function, its
logarithm 1s normally distributed with mean € and variance o2,
The following relatlionships pertain to the lognormal:

. 2/
Mean: E(x) = ee oo

Median: ﬁ(x) = ee

20 + 02

2
Variance: V(x) = € (e’ - 1)

th
(1'P)th percentile: Xp = ee + Zpo [Zp = (1-p)”" percentile of
! normal (0,1)distribution.]

Because of these relationships, the specification of any two
of the above rarameters completely defines the distribution
(see Table II, Section VII), The fact that the median is inde-
pendent of 9< 1s one reason why this parameter i1s often associ-

'=fg ated with the lognormal since it allows the application of rela-
TAﬂ tively simple tests.

A detalled study of the relationships of lognormal parame-
. ters and the specification of such parameters 1s presented in the
Rome Air Development Center Technical Report, RADC-TR-67-403,

Maintainablllity Parameters and Their Relationships, J. Kliom,
Beptember 1967.

5.2.3 'Type.of Time Measurement

Equipment downtime 1s the time measurement most related to
operational requirements, Man-Lours and man-hours per operating
hour are more closely assoclated with manpower and cost control
although they are, of course, related to downtime.

Average man-hours per maintenance action can be estimated

by multiplying the average number of maintenance men per mainte-
nance action by the average downtime,

1See Appendlix A for a detalled discussion of the lognormal
distribution.
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For 13 eguipments monitored in tnis study? estimates of
total active-mainterance man-hcurs (excluding "no trouble found"
actions) based on this relationship yilelded good results. The
estimated and observed man-hours, along with the absolute value
of the relative error, are shown in Tabie XI. The average of the
relative errors is 7.6 percent.

TABLE XI'

OBSERVED AND ESTIMATED MAINTENANCE TIME
(Maintenance Man-Minutes)

Absolute
Equipment Observed Estimated Relative
Error*
T AOF 60.3 63.0 0.046
A08 282.6 322.8 0.142
Al0 174 .6 162.4 0.070
BOU 118.8 106.8 0.101
BO6 61.5 57.8 0.0€1
’ BO9 81.1 78.5 0.032
B10 98.1 . 94,6 0.036
B12 71.2 " 79.5 0.118
B13. 20.3 22,5 | 0.110
B4 71.0 4.0 0.043
DOl 155.8 153.2 G¢.017
D02 77.9 3.3 0.162
DO3 101.5 114.6 0.129
*|observed - Estimated|
Observed —

For complete systeius such as alrcraft, for which concurrent
maintenance actions can and frequently do take place, the rela-
tionship between equipment downtime and system downtime provides
a basls for allocating an overall system-downtime requirement.
If a system is divided into n equipments such that (1) concur-
rent maintenance can take place only on different equipments and
not within an equipment, and (2) the probability that more than
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two egulpmencs will require concurrent maintenance is negligible, !
then the fol.cwing relationsnip can be used as a mddel for aver-
age system downtlme based on equipment downtimes:

W T Te—

L\/L_

n %1‘} n-l nj n n

— _ \\’ U Vv Nl = -

bs =), ) Putgt) 2 ), Pag,xp e [Egg,%]
Jj=1 1i=1 J=1 1=1 7=5+1 k=1

where

tg = average system downtime
ﬁj i1s the number of possible tasks for the Jth equipment

P4 is the probability that only the 180 tasx in the jth

i equipment 1is performed given system fallure

Pyj,g; 15 the probability that the 18N task 1n the jth
equipment and the kU7 task in the pth equipment are
required concurrently given system iailure

e e

.Eii is the average time for completing the 1th task in the

jth equipment

T

k- 4 Three models fer estimating sycstem man-hours from downtime
| estimates are shown below. The following nocation is used:

System men-hours

Average- number of men per system naintenance action

Average nurber of men per system maintenance action
when r fallures are involved

Average number of men involved when the 1th mginte-
nsnce task is required for the jPh equipment

i I.Ilillﬁ-"'“ o

v vee,

Average system downtime

Average system downtime when r failures occur

s —————
bkt .

= Average downtime of the Jth equipment when the 1?“
meintenance task 1s to be performed

Probubility that r maintenance tasks are reguire
glven system fallure .
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00

= by o

pyj = Probabllity that only the 1¢h maintenance task in
the jth equlipment is required for a system fallure

I

Probability that the 1" mainterance task for the

jtn equipment and k" maintenance task for the 2th

equipment are required for a system fa?lure;

Pti,k £

The models are as follows:
A, Model based on average system downtime:
E(MHs) = mgtg

B. Model broizd on average system downtime as a function of
number c¢f equipment fallures:

B(M35) = ) pr Bs(r)Es(x)
r

C. Model based on average equipment downtime assuring no
more than two concurrent tasks:

T

E(MHg) = }: E:Pijmijtij +\ }: E: 24P13,k£ [Ehjzij & ;ﬁﬁzkﬂl
Kk

7

i 2

Models A and B are both based on system-downtime statistics.
The former requires only an overall estimate of system downtime
and manning, while the latter requires estimates of downtime and
meaning as a function of the number of concurrent tasks reéquired.
Since manpower 1s generally limited, if a large nusber of siml-
taneous failures requiring many concurrent maintenance tasks
occur, system downtime may be partlally due to the unavaila-
bility of maeintenance men. This factor 185 accounted for directly

in Model B through the Tg(r) variable but only indirectly in
Model A. _

Model C uses cgulpment rather than system-downtime values
directly. While these may be more readlly available, no account-
ing 1s made for total system checkout after all tasks are con-
pleted, although an appropriate "K" factor can easily bs incor-
porated. While the equation shown limits the number of concur-

rent tasks to two, it 1is apparent that an extension can be made
for more than two tasks.
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A mc .el for the expected value of man-hours per operating

hour (MH/OH), showing 1its relationship to average downtime, can
be developed as follows:

00
}: P[Jj fallures in T operating hours]E[Mi|j faillures]
J=0

E[MH/OH]

==

[
H_l~
[N .
e

P[Jj failures in T operating hours]}j E[MH|1l fallure]

0

= E(MHl Tfallure] ZJ J PLJ faillures in T operating hours]

J=0

{
= E[MHIlTIailure] E[number cf feilures in T operating hours] !

If a constant equipment fallure rate is assumed, the follow-
ing rate 1s obtalned: |

!
E[MH/OH] = E[M}V;c“m]]m = AE[MH/actior] .

Agalin, by using the relationship

E[MH/action] = E[number of men/ection][average downtime] = m T

the following 1s obtained:
| E[ME/OH] = An ¥

This general expression applies at either the equipment
level ¢ the system level, but it 1s more accurate for the former
because the simplifying eruations do not account directly for
concurrent maintenancz., It 1s emphasized that the man-hour rate
is directly influenced by reliability. From the équation

E[MH/OH] =2&n¥E 2 N

it 1s seen that the man-hour rate changes in direct proportion 18
to changes in the fallure rate, A. This 1ls not true for average

downtime or average man-hours per maintenance action, since the
rellability factor for.these measures influences only the rela-
tive frequency of the varicus maintenance tasks gilven that a .
malntenance action 1is required.

A —

s o Ml S~ o et 5 -
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Since a demonstration test based on maa--houvr rate 1s a test
. that includes both rellab'iity and maintainablillty factors, it
! does not truly fzll in the category of a4 miintailnabi’ ity-demon-
stratlon test in which the maintainability-design group bears
the majo resnonsibllicy for success lu meeting goals. This is
not to imply that a teci Hased on man-hour rate is not useful;
however, it is impcrtant to recognize *he influences onrn this
type of measure so chat apprcprizcte respcnsibilities and control
can be estapnlished.

Because of "he direct relatlonship betwe2n expected man-
hours per malntenance action and man-hour rate, and the facc that
control of tne latt=r 1is as much . vesponsibility of reliability
design as of maintainability design, man-hour rate as a maintain-
ability index was nol treated ir as mich depth in this study as
the downtime and man-nour indices.

The relationships shown above tha’ relate man-hours and man-
' hour rates to equipment downtimes do show that the specificatien
] of equipriant downtimes does permit evaluatior of man-lnur param-
i eters at elther the system or equipment level. The complexity
1 of the relationships for system-level requirements, however, d- ‘s
) highlight the prcblems that can occur if a system mar-hour re-
gquirement 1s to be tested by synthesizing results obtelned at the
equipment level,

R,2.4 Guideline~ for Index Selecticn

§ . The principal objective in selecting the index for a main-

X tainabllity-demonstration test should be to seek the one tnat is
most conslstent with the mission ovjectives and operational comn-
straints. Generally, this will mean that equipment downtime 1is
the time measurement of the irdex since operationel effectiveness
cannot be achieved uniess downtime 1s controlled.

If the need for an equipment 1s not critical, and manpower
control is important, a man-hour index may be most appropriate.
Preventive-malntenance man-hours per operating huur is preferable
to downtime due to preventive maintenance for equipments for
which such maintenance can be scheduled without fear of cpera-
tional demand during the maintenance action.

By the same reasoning, corrective maintenance 1s more crucial.
than preventive maintenance, c.peclally 1if the latter cdan be
scheduled to teke place during known pericds of non-use. For con-

. tinuously needed ecuipment, such as ar alert radar, total main-
tenance time is of prime importance. For equipment demanded at
random times, such as a missile~defense equipment, the _pproach

s might be to use separate controls for corrective maintenancz ard
preventive maintenance. The cholce of the statistical measure to
be used often depends on the mission objective. If there is an
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avaliability requirement for the system, the foilowlng relation-

ship 1s often used to determine rellabllity and maintalnabililty
regqulrements:

] . MTBE
| Ava.labillty = WTBE 3 MDT

i This relatlonshlp provides a basle for trade~off between
MTBF and MDT. Several such trade-off curves are shown in Sub-
sectlion 5.3.2 for varlous avallabllity requirements.

| When thils availabllity expression 1s appropriate, a mean

| value should be used for the malntainabillity 1index. However,
there may he an avallabllity requirement, for whichk a maximm

‘ downtime 1s more approprlate. Such a requirerent would apply to

] critical equipment aboard an alrcraft where the alrcraft may

L ; have to be avallable for a new mission within two hours after

completing a mission. In thils case a requirement of, say, 0.95

probabllity of completing any necessary mainterance within 100

minutes would be more conslstent with the operaticnal objective

than a mean-value 1ndex. This 1s dilscussed in greater detall in

Subsection 5.3.

Another element to be consldered In the cholce of the statls-
tical measure 1s the underlyving distributlon of malntenance times.
For symmetrical distributions, the mean and medlan are ldentical,
and the cliolce depends solely on statistical ricetles. For the
more common skewed distribuflons of maln.enance time, the mean 1s
strongly influenced by the long malntenance times but the median
1s not. When elther can be used, the mean generally provides
better manpowes: cost control, 1s derivable from a higher-level
specificatlon, and has more desirable statistical pronertiles
le.g., application of the central-limit theorem). The median 1is
applicable to distributlon-f_ ece tests, has direct omeratlonal
meaning in the sense that 50 percent of all maintenance actions
willl be performed within the medlan-time perlod, and for the log-
rorma. distributlion 1s dependent on only one psrameter as con-
trasted with two for the mean.

Tie foregoling dlscusslon has provided some directlon on
chcosing an appropriate maintalnablility 1ndex for several situ-
etions. To provlde greater detall and permit more definitive
recoruendatlions; an established matrix for szlecting maintaln-
&bllity measures is used here.,® In this procedure, seven con-
ditions that should infliuence the cholce of a measurz or index
are iisted, and recommended indices for common combinations of
such conditions are given in the matrix. The conditions and

matrix presented here are modified slightly from tnose of the
Notebook *o e them applicable to demonstration.

3This matrix will appear In the "Maintainsbility Engineering De-
sign Notebook", being prepared by ARINC Research Corporation for
Rome Alr Development Center under C:nitract P30602-68-C-0208.
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The matrix is presented in Exhibit 2. To use the matrix,
each of the conditions listed at the top of the exhibit that
apply to the equipment of interest should be checked. The ap-
propriate index is then found from the matrix by locating the
colnm tnat contains an x for each conditicn checked above,

For example, if steady-state avallabllity 15 a critical parameser
(Condition 1, and maintenance time 1s limited by environmental

or operational circumstances (Condition 5}, the vecommended index
provides a control on both the mean and maximm maiatenance time,
and there 1s an option for including preventive-maintenance time

depending on equipment use or scheduling and criticailty.

The set of conditions listed 1s not exhasustive, but 1t 1s
believed to include the most important ones.

Several of the major ccnsiderations thet led to the develop-
ment of the matrix are as follows:

* The mean is directly related to steady-state avallability
and is therefore the index of cholce «hen this operationsal
requirement exists.

« If the distribucion of maintenance times 18 unknown, the
mediar is preferred since 1t permits distribution-free
tests. If avallabllity is critical, however, use of the

. central-limit theorem permits a mean tesnt provided the
sample size is large.

+ ¥or the lognormal distribution, the median 18 rreferred
to the mean (assuming that Condition 2 applies and that S
and 6 do not) since it is based on only one parameter,
winich makes statistical analysis exact.

- When maintenance time is limited (Condition 5), the Moy
index 1is preferred.

*+ The mean 1s preferred over the median if manpower control
1s also required because the mean 1z more dirzctly re-
lated to man-hours. However, 1f the distribution is
unknown, the median may be used a&s long as avallabllity is
not critical,

Complete dependence on this procedure 1s to be avcoided. Be-
cause of the wide variety of equipments, mission obJjectives, and
environmental and operational circumstances, the selection matrix
snould be considered a gulde only. Ultimately, the best measure
1s determ!'ned by ind.viduel system circumstances and good
Judgment .
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Condition Identification
(Place X In appropriate boxes)
Condttion
a 1 Steady-state avallability 1s a critical parameter.
: a 2 Steady~-state avallability 1s not a critical parameter.
(W) 3 Maintenance~-time distribution 1s unknown.
(m} L Maiatenance-time distribution 1s expected to Le lognorrael.
] 5 Environmental or operational circumstances 1imit maintenance time.
F o 6 Manpower allocation or cost 1s an important factor.
Selection Matri@
5 W
! Index T pand —M;;t@) Fet M o M., and M c@ ﬁct aud M.
L Condition F‘pt and Mpay pt E{pt and Mpoy pt
! X| X X X X X X X
2 X X X X X X X X X X £
48 3 X X x| X X X
E 4 X | X X X X X |x
' 5 x| x1x X | x Ix o gx X
6 X X 1 X iX X X
Notation N = mean, M= median, My,y = maximum maintenance time , MMH = malntenance man-hours
T e (perzentile)

ct = corrective maintensnce, pt = preventive maintenance

e Notes @ The inclurion of preventive-malntenance indices 13 optional depending on
= scheduling and criticality.

(® A combined total-meintenance-iime index can be used instead of separate
indices for correc*ive and preventlve maintenance.

EXHIBIT 2
PROCEDURE FOR MAINTAINABILITY-INDEX SELECTION

~
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5.3 SPECIFIED VALUES FOR THE MAINTAINABILITY INDEX
5.3.1 Three Basic Criterila

As discussed 1in Section 4.3, the usual specification of
valves for waintainability demonstration involves assignment of
two values for the index selected -~ a desirablz value associ-
ated with t.e null hypothesis, Hg,and an undesirable (sometimee
called marginally acceptable) value assoclated with the alterna-
tive hypothesis, H,.

In assigning such valuecs, 1t 1s reasonable first to con-
slder the goal or Hy value, since thls is what the producer and
consumer both seek, and then to assign the Hy value, which will
be a function of the desirable value, minimum operational goals,
and other factors such as required sample sizess,

There are three basic criteria for specifying the desirable
values of the selected maintalnability index:

(1) The specified value should be consistent with higher-
system-level requirements.

(2) It should be realistic.
(3) It should pertain to the demonstration eavironment.

Unfortunately, the first two criteria are sometimes in con-
flict because higher-level requirement:s may be unreslistic. As a
minimum, any maintainability-index vai.ue derived from higher-level
requirements should be checked for ressonablenuss, If the derived
values are not reasonable {exceed the state of the art), the
higher-level goal 1s suspect. If this goal cannot be compromised,
however, the producer can be glven some reprieve by adjustment of
risk values,

On the other hand, 1f a derived value 1s less acceptable than
what can normally be expected; the values should be readjusted to
state-of-the-art ievels.

The third criterion may alsc be a source of conflic-. A
higher-ievel requirement such as overall system effectiveness may
be translated into capability and evaeilabliity requirements by
such means as a WSEIJAC-type analysis. The avaliability must then
be further refined to reliability and maintainabllity indices.
The operational enviromment to which the maintainability index
epplies, however, may be slgnifisantly different from the demon-
surgtton enviromment under which the equipmenz or system is to be
tested

g3




It 1s, naturally, preferable to conduct the test in the
actual cperational environmment, but tais 18 often impossible.
If the test environment does differ from the operational environ- .
nient, it 1s ressonable to adjust a malntalnabililty goal based cn
operational need to refleot the dlfferences between test and
field conditions.

5.3.2 Specification Based on Higher-lystem-Level Requlrements

There are meny types of system-level requirements that are
directly or indirectly related to the malntainability character-
istics of a system. The most importart of these system operatlional-
type requirements 18 avallability, whi:h in the most general sense
is a measure of the readiness of the syatem for operational use on
demand. Two of the more important types of aveliabllltyv measures
are a3 follows:

« Point Avallabllity ~ The probablility that the system 1is
avallable for operational use at a random point in time.

. Interval Avallability - The probabllity that the system
wlll be avallable for operational use within a specifiled
time interval.

Pcint avallabllity 1s generally applicable to systems whose
mission 1s continuous, such as an alert radai’, For these types
of systems, the ratio of on time to totial time must be high, and
this ratio 1s best expressed by the general steady-state availl-
abllity expression

A MTEM

= MTEM + MDT
where
MIBM = mean time between maintenance
MDT = mean downtime

When preventi@e or noncorrective maintenance can be
scheduled so that it does not conflle¢ with mission objectives,
the following expression 1s applicable:

MI3F
A =y T WO .
whexe
MTEF = mean time batween fallurcs -

MITR = mean time to repair
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Interval availability as defined above is applicable when
the system 1s required t> perform a series of missions, the most
common example of such a system being an alrcraft. For such
cases, 1t 1s often important to control the probahility of read-
iness after completion of a mission by an interval-avallability
requirement.

A model for this type of requirement can be fairly complex
depending on the system, operational conditions, and assumptions
made. A relatively simple model for steady-state interval avail-
ability -- assuming a Markov process for the mission/service-
repair sequence, constant mission time T, and constant allowable
repalr time t -- 18 presented below.

Let

A(t) represent the probability that the system is available
within t hours after scheduled mission completion

R(T) represent the system rellabllify for a mission of T
hours

S(t) represent the probabllity that necessary servicing
(e.g., refueling and rearming an alrcraft) 1s performed
within t hours after a successful mission

M(t) represent the probability that servicing and any neces-
sary repairs can be accomplished within t hours #fter initi-
ation of malntenance on a falled system

The steady-state interval avallability 1s then gilven by the
following equation [a_bar above a symbol represents the comple-
mentary event, e.g., R(t) = 1 - R(t)]:

A(t) = A(E)R(T)S(t) + A(E)R(T)M(t) + ALt)M(T + t)

The filrst term on the right-hand side is the probebllity
that the system was avalilable at the start of the previous
mission, did not fail 1In T hours of operation, and is serviced
within t hours. The second term represents the probability that
the system was avallable at the start of .the previous mission,

& fallure occurred during that mission, and repair and servicing

are completed within t hours. The third term 1s the probability
that the systcm was unavallable at the start of the previous
mission and repalr and servicing 1s conpleted before the start
of the current mission (a total time of T+%t hours).

Soiving for A{t) y:olds

- M(T+t5
M) = TTRmS() - MTW(E) W)
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The assumptions of constant mission and sallowable mainte-
nance times, can be relaxed, and such factors as malfunction-
detectior probabllity and repair efficlency can be included at:
the expense of additional model complexity. For illustratie
purposes, however, the above model wiil be retained.

By using the preceding equations that relate availability to
maintainability characteristics, it is possible to determine
maintalnability requirements from an avallability requirement.
Since rellability factors are also involved, such determination
is best made through a trade-off process wherein feasitility and
costs are also conslidered in selecting the appropriate set of
reliability and maintainablllity requirements. The three cases
discusgsed above are considered with respect to such trade-offs
in the following subsections.

5.3.2.1 Polnt Availabillity Including Preventive Malntenance

The avallahllity ejuation for point availabllity including
preventive maintenance 1s as follows:

A = - MIBM
= MTEM + MDT

To obtain MIBM (mean time between maintenance), both preven-
tive and corrective malntenance must be considered. It will be
assumed that the mean tlme between failures (MTBF) is equal to 6
and that preventive maintenance 1s scheduled every T_ hours.

With fallure time denoted by tf,

= Z ]
MIEM = P[t, < T ] E [t|t, < T

D + P[tf =2 T J7T

PP

If it 1s essumed that an exponential zssumption is adequate
for Gescribing the failure-time distribution, then

(1 ) e-Tp/6> foTp £, 1/ge ~5¢/ as, T /6

m= -‘.1:‘76 + e Tp
1-e P

-7_/8 -T /8
6(L -e P (1+Tp/6)]+e P p

N

|%

- 9(1 = e-a'rp/e >
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If T,/9 1s small, say T/ 50.05, then1 - ¢ P _ p /8
and MTBM = Tp, which is reasonable 8ince preventive maintenance

actions ocecur mych more frequently than corrective maintensnce
actlions. Conversely, if TD/@ is large, say TpA; 2 3, then

l1-e P <1 and Mram ~ 9, which, again, 1s.reasonable since
corrective maintenance occurs much more frequently than preventive
maintenance,

The mear. downtime (MDT') parametep can be estimated ag
follows: In 7 total hours, T/Tp preventive maintenence (PM)

actlons and T/6 correct:ve malntenance (CM) actions can be ex-

pected to take place. The Probability that g maintenance actio;,
1s preventive g then

and, similarly,

%
Then
- S ——-%P_T M
MDT = 0+ Tp Mpt * 6 + T Mot
Then, for point avallability,
( -T /o )
- p
A= o\l - e

e(z - e*Tpfe> " (e—h;j@ g + ¥ )

Of particular Interest fér maintainability demonstration is
& cholce of values for Tp, Mbt’ and ﬂét given a requirement on A,

If the time interval between preventive maintenance actions (7 _°
i3 1ncreased, 1t might te reasonable to lengthen ﬁbt s8ince the

tasks may be more extensive ag g result of the longer operat
Lime, Also, 9§ may be adversely affected 1f Tp is made too long,

On the other hand, too smaill & value for Tp increases the numbey

67




8- 12D g hsegpinidod WS A
Hm,—w..mm TR TR W NI AR ey :

~y TR TP
N akigod ik g o G okt R

of downtimes due to preventive maintenance; and while @ may be
increasecC somewhat and Mpt decreased, there is a minimun T

o value
below which 1t would be unwise to specify.

A general trade-off relationship 1s difficult to develop
because the interrelsastionships that exist may be varied and
complex., Instead, a simple numerical example 1s provided here.

Assume thac there 1s an avallability requirement of 0.96,
Fror past experience, feasibility analyses, and operational re-
quirements, the following are reasonable ranges for the para-
meters listed:

6 = 50 - 150 hours E%t = 1 - 3 hours
Tp = 25-- 75 hours My =1 - 4 hours
If vhe worst extreme 1s considered, i.e., 8 = 50, Tp = 25,
1 - g71/2 0.6l
A = -1/2 1 = = 0091 ]
1-e + 7z (3+2) 0.61 + 0,067

indicating that the goal cannot be met without careful atiention
to requirements. On the other hand, under the best-case condi-
tions of 6= 150, Tp = T5, Mpt = M&t =1,

. «~1/2
A= l-e _ 0.61

1-e12 4 1.5/025 0.61 + 0.007

= 0.99,

indicating that the goal 1s feaslble with an appropriate set of
requirements.

o Assume now that a more detalled analysis between T , 6, and
Mpt yields the following alternatives:

Alternative E'R Max & Min ¥ :
I 25 150 1.0
1X 56 100 1.5
IIT 75 75 2.0
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The values of ﬁct that provide an availability of 0.95 are
determined from the following equation:

T +6 _ a=r - M
_p [1 e 4 o T . b ]
et r A Tp+9

=5 T 6.

The results are as follows:

Alternative M

et

I OIRY 12
II 1.92
IIT 1.36

Because of the initial restriction on M_  of 15 M, = 4,

Alternative I cannot be chosen. Thérefore, the choice is between
ITIand ITI, and this decision would cepend un the costs associated
with the specific values of Tp, 8, Mbt, and Mct'

This particular example lnvolves the selectlion of a pre-
ventive-maintenance schedule as well as mean corrective-mainte-
nance and preventive-malntenance times, Much more sophisticated
models for preventlve-maintenance scheduling have been developed,
and in practice the procedure might be to use one of these models
to select Tp and & and then choose values for M_, and ﬂﬁt to meet

t

the avallability goal.

5.3.2,2 Point Avallability Excluding Preventive Maintenance

The following availabllity e:pression for point availability
excluding preventive maintenance can be used to determine relia-
bility and mainteinability requirements:

A - — MTBF
MTRE + MITH

If an MTBF goel has already been established or is gquite
restricted by the state of the art, the simple relationship

MITR = MIBF (3-1)

ylelds the required MTTR value, For the more cammon case, in
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which there are ranges of possible values for both MPTR and MIEF,
the curves shown in Figure U4 provide a basis for trade-off. 1In
the figure use the left-hand vertical scale with the kottom hori-
zontal scale or the right-hand vertical scale with the top hori-
zontal scale.

5.3.2.3 Interval Availability

From the interval-avallabllity expression

M(T+t)
A(t) = TRim)s(t) + R(TIM(E) + M(T+6)

the maintalnabllity parameters of interest are M(t), M(T+t), and

8(t). M(T+t) should equal 1 since this represents the probabllit

that maintenance is completed within the usual allowable time (tg
plus the misslion time T. Then

1
2 - R{T)S(t) + R(T)M(t)

A(t) =

Since a meximum of t hours 1s available for servicing aad
corrective maintenance, servicing should be completed in much
less time than t hours to permit corrective malntenance to take
place. In thls case, a time ts‘< t can be choosen such that re-

quirements are tc be placed on S(ts) and M(tc), where t_ plus t_
is less than or equal to t, S(ts) equals the probability that
servicing 1s completed within t, hours, and M, (tc) equals the

probabllity that corrective maintenrance 1s completed within time
t,+ Then i17t) can be replaced by S(ts) X Mc(tc) (assuming the
independence of the two assoclated events). The use of this
product 1s ccnservevive since 1t 1s assumed that only tc hours

are avallable for corrective malntenance even 1f serviclig 1s
completed earliler than ts hours. The availabil®ty model 1s then

-\ 1
M) = T TIm)s(E,) - R(T)S(E, 0 (5,)

Trade~-off curves relating R, S, and M to A are shown in
Figure 5. Agaln, cost and operational factors will determine
which of the appropriate combtinations ol R, S(ts), and M_(t.) to

specify for a given avallabllity requirement. In thils example
the S(ts) and Mc(tc) requivements are often called M . -type re-

quirenments, which are actually percentile values of the cumulative
distribution function.
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5.3.2.4 Applicability of Approaches

The three above-described approaches for obtaining maintain-
ability requirements from an overall availabllity requirement are
only indlcative of the type of spproach that can be used. Several
simplifying assumptions were made 1n establishing the relation-
ships, some possibly important factors were not included, and
cost was glven only qualitative conslderation. Therefore, the
equations and curves pressnted for obtalning specified values
must be adjusted to account for factors thst have not been con-

" 8ldered adequately in this general model

5.3.3 Realism of Specified Values

Approaches simila> to those presented in Subsection 5.3.2
lead to & specified mairtainabllity veiue. The next criterion is
one of realism, -It 1s necessary first to establish what 1s meant
by a realistic value. Expressions such as "within the state of
the art" are commonly encountered, and while they do not provide
a quantitative assesgment, they do convey the general bellef that
that value can be achieved by current technological capabllity.

Since malntainablilty-demonstration-test requirements must
be established very early in the development program (often before
contract award) the most loglcal apvroach to assessing reallsm,
and sometimes even establishing the requirement 1f allocetion from
hlgher levels 12 not required, 1s to evaluate the madntainabiliuy
performance of existing systems simlliar to that under develop-
ment. If the basic malntainabllity deslgn 1s known at the time
the requirement is to be eatablished, an applicable prediction
technique can be exercised.

Whether historical dsta or prediction, or both, is used for
assessing reallam, careful Jjudzment 1is required. If an alloca-
tion leads to an Mct value of 20 minutes but & 30-minute value was

observed for the most similar exlisting system, can 1t be ccn-
cluded that 20 minutes is unrealistlic? The {ollowing questions
must be consldered: ‘

(1) How similar are the items?

(2) ¥Yow similar will the maintenance enviromment be?

(3) Since the observed 30-minute value is necessarily based

on & sample, what is the lower confidence limit asso-
clated with such a mean-value estimate?

(4) How much maintainability improvement can reascnably be
asked for?

(5) 1Is there any margin for increasing the 20-minute speci-
fled value?
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Again, the answers to these questions and the conclusions

i to be drawn depend on individusl circumstances. To check for

realism, the prediction technique developed in this study, those

3 . of MIL-STD-472, and others presented in the literature can be

E used as applicable. ,
Observed maintainabllity values of existing equijmente

1 . obtained from severul sources are presented in Tables XII through

] XV to provide historical data that cen be used as a guide in

assessing the realism of a specified values. The sources are

identified in the tables according to the following numbered

references: '

1. RADC-TDR-63-85, Vol. 1, Maintainability Tecanique Study,
* Final Technical Report (Phase V), 5 February 1963. Pre-
pared by RCA,

: 2. RADC-TN6l-141, Mainteinability Meas rement and Prediction
© Methods for Air Force Ground Electronic Equipment (Phase
III Progress Report), 15. June 1961. 2Prepared by RCA.

3. ARINC Research Corporation Publication 118-4-228, Main-
ta.%na.bility of Shipboard Electronic Systams, 31 Narch
1961.

T

=

RADC-TR-68-398, Maintairability Prediction by Function,
Final Report, August 1968. Prepared by Federsl Rlectric
Corporaticn. (The data from this source were accumulat-
ed at least in part from the AFM66-1 repcrting system.
Since this reporting system includes short-durstion ad-
ministrative delays in reporting man-hours, the data in
Tables XII and XIIT are also contaminated To some degree
if they)ha.ve been derived totally or in part from this
source,

5. Calcuiated from data accumulated by Federal Electric Cor-
poration under Contract F30602-67-C-0194,

6. Frem data collected by ARINC Research Corporation under
RADC Contract No. F30g02-68-c-0047, Maintainability
Prediction and Demonstration Techniques.

Table XII presents obssrved maintairablliity values for
seversal classes of ground equipments. These data can bhe used {o
estimate the maintainebllity performiance of & ground eauipment if
ro details beyond the majo~ functicnai clagsification are imown.

Table ‘XIII 1s an accumulution of maintainability data on a
number of individual ground equipmenis arranged by common func-
tional groupings. If the equipment under consideration can be
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considered to be similar tc one of theélisted aquipments, the
naintainability values given in the table may be used in the
absence of more precise estimating methods.

The values giver in the table represent total active cor-
rectlve maintenance, which generally lncludes preparation, fault-
location, fault-correction, item-obtalnment, checkout, and clean-
up time, but excludes downtime due to administrative and logistic
delays. In most cases, the results include maintenance actions
fer which no trouble was found. The occurrence of such events in
a demonstraticn test must be consldered in evaluating these data.

Tables XIV and XV are similar to Table XIII except that they
represent data on alrborne equipments monitored in this study.
The observed maintainability values in Table XIV include mainte-
nance events for which no trouble was found. Table XV does not
include the "no trouble found" events and mey therefore be more
applicable for evaluating maintailnability-demonstration index

values.,
TABLE XII

MAINTAINABILITY DATA FOR VARICUS GROUND EQUIPMENT CLASSES

Equipment Class Wor | Hor | M5.95 e [l
Transceiver 0.8810.36| 3.2 1.1 4 and 5 .
Receiver 1.8310.90! 5.4 23 4 eng 5 '
Transnitter 1,921¢.80 | 6.3 2.4 L ang 5
Display/Indicator 1.51 | 2.7T9 | 4.4 1.9 b and 5
Dzta Pracessing 2,2311.00| 8.4 2.8 4 and 5
Prequency Power Supply |1.11 |0.51| 4.6 1.4 4 ard 5
et 1.67 | 2.80 | 5.0 2.1 i apd 5
Multiplex 1,35 | 0.37 | 4.7 1.7 4 and 5
Exclter 1.75]10.90 ! 5.4 2.2 |4 and 5
Data Procassor 1.1910.33 | 3.7 1.5 L and 5 g
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TABLE XIII

VAT b

MAINTAINABILITY DATA FOR VARIOUS
GROUND EQUIPMENTS

N N My MMH |[Averege
Equipment CT CcT .95 OH, |¥MMH per |Source

(Hours) (Hours)f (Hours) x.'l.g3 Action
Radlo Transceilvers
AN/MPE-1L (AKRC-27) 1.0 4
AN/MPN-14 (GRA-5%) 2.0 4
AN/GRC-131 0.2 L
AN/GRC-132 0.2 4
AN/GRC-113 0.3 4
AN/GRT-3 and GRR-7| 1.05 0.530 2.8 1
AN/GKA-5 1 f6= 2.13 2
Recelivers
AN/FPS-16 b b iy
AN/FPS-27 0.61 0.43 L7 1.25 €
ARSR-1B 1.9 4
AN/FY3-30 1.2 ]
AN/GSQ-T4B 0.5 4
AN/FPN-U47 2.8 L
AN/MPN-14 1.0 L
AN/FRC-102 1.9 L
AN/FRC-96 2.6 4
MW-503A i.2 L} ,
ThA2 i 2.1 4
AN/GRC-66 3.0 4
AN/3RC-126 0.9 [
AN/TRN-17 3.0 U]
AN/SRR-13A 2.34 1.20} 7.0 | 1.86f 3.6 3
AXN/URR-35A 5.31 0.92 0.43) 6.4 3
AN/SLR-2 2.50 1.60 6.3 [1€.41) 4.12 3

(continued)
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TABLE XIII (continued)

Equipment

'MbT
(Hours)

~

Mop
(Hours)

.95
(Hours)

MMH

203

Average
MMH per
Actlon

Source

Transmitters
AN/TPQ-18
AN/FPS-16
AN/FPS-27
ARSR-1B
AN/FPS-30
AN/GSQ-T4B
AN/¥PN-47
AN/MPN-14(T273B)
AN/MPN-14(ARCR)
AN/MPN-14(T867)
AN/FRC-102
AN/FRC-G6

T4A2

AN/GRC-A6
AN/GRC-113

| An/FRT-37
AN/GRN-9C
AN/TRN-17
AN/MRN-13
AN/URN-5
AN/SRT-15

Display Indicators
AN/T:PQ-18
AN/FPS-16
AN, /PP8-30
| AN /G8Q-~TUB

A Y/¥PN-4T
5 N/VPR-14

1.29

3.25

0.81

1.75

L.2

8.0

30.6

()
U

N NN FEFFHOMMDWEWRRKRFDEFEU OMDDPN
W OOV WO ENNDHOOFWOEFEFIRKE W K

1.9
2.3
13
Qo

1.5
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TABLE XIII (continued)
Equipment Mep Mo M0;95 '}%ﬁ- %r;gg Source
(Hours)| (Hours){ (Hours ) x10°|Action
Display Indicators
AN/MPN14(ME49) 1.4 n
AN/MPN14(MPA31) 1.3 b
7462 1.3 4
AN/GSW-5 0.4 n
AN/GSA-51 0.90 .53 3.2 1.9 6
AN/UPA-3E 4.6 'S
AN/FSA-14 1.9 4
AN/FSA-26 1.9 4
AN/SPA-4 2.50 1.00 12.0 | 8.57] 5.21 3
AN/SPA-4A 4.90 0.78 16.67] 11.89 3
AN/GPA-8A 1.96 0.65 8.0 | 6.17] 3.34 3
AN/SPA-8C L.20 1.47 7.86] 5.18 3
VL-1 ' 1.20 0.43 0.83] 2.33 3
ECCM(FPS-2T7) 1.16§ o.94| 3.1 | 1.87 6
Data Processing
AN/TPQ-18 5:1 4
AN/FPS-16 2.5 4
AN/FPN-U7 1.6 4
AN/F3T-2 0.93 1.7 2
AN/GSW-5 0.6 4
AN/GSW-10 0.4 4
AN/GSA-51 0.70 0.33 2.3 1.50 6
Computer (no mili-
tary nomenclature) 1.8 4
Computer (no mili-
tary nog;enclat:ure) 2.3 4
Recorder,/Reproducer
(@sA-51) l 2.03 1.27 4.1 3.79 &
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ij- TABLE XIII (continued)
| i i M MMH |Average
Equipment CT CT ¢.95% Ol(-)‘[3 MMH per|Source
(Hours)| (Hours)| (Hours) »10°|Action
Data_Processing
i Punch Card System
e (GSA-51) .73 605 2.0 1.35 6
b Radar
3 AN/FPS-6 1.57| 1.25| 3.5 1
> AN/FPS§-20 1.11 1.58 2
B AN/SPS-8A 3.50| 1.26| 10.5 [28.28| 5.51 3
£ AN/SPS-2C 2.80 | 1.03 8.04f 3.82 3
b AN/SPS-12 2.50| 1.50| 7.3 {e2.58| 4.17 3
§£§ AN/SPN-8 1.90 | 1.43 .2 [15.21} 2.54 3
gg AN/SPN-12 2.901 2.00 18 .91| 4.88 3
:
A?g Navigation
g AN/GRN-3 9.60 | 3.20 55.29|21.85 3
B AN/URD-4 7.20 | 0.50 20.26]14.98 3
g AN/SPN-TA 2.20! 1.80 7.62] 2.90 3
Frequency/Pover
Supply
AN/FPS-30 1.3 u
AN/MEN-14 1.3 b
TUA2 2.0 4
AN/TRN-17 0.9 4
Identification
x e ion
AR/UPX-6 2.3 4
1:!’ n"e?u 2.1 4
ko 80
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E TABLE XI1I (concluded)
;
o M M MMH | Average
Equipment cr  |cr 0.95 1?,3 MMH pec|Scurce
(Hours)| (Hours); (Hours)| x0.0°| Action
Identification/
Hecognltlion
; KY-248 1.3 4
' AN/GPX-8A 1.7 4
J AN/MPN14{MPA2L4) 1.5 4
4 AN/UPX-1A 2.60 1.30 18.0 |8.10] 4.50 3
[ Multiplex
E AN/FCC-22 1.9 4
\ AN/FCC-32 1.9 4

1 ‘ TCS-600 Q.9 4
; AN/FGC-5 2.7 4
] - AN/FGC-29 1.8 4 .,
; AN/FGC-61 ; 1.7 4
3

AN/FRC-102 | 2.2 4

| AN/FRC-96 | 3.2 4
AN/GRC-66 1.4 4
AN/GRC-113 n 0.3 by
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TABLE XIV ;
MAINTAINABILITY DATA FOR AVIONIC EQUIPMENT b
(NO-TROUBLE-FOUND ACTIONS INCLUDED)
R % M Avyevage |
Equipment CT cT 0.95 MMH per Source
(Hours) | (Hours) Action ;
4
Navigation/Radio |
- Recelver !
APN-151 0.99 0.92 1.80 1.46 6 i
ADF-T3 C.25 0.19 0.74 0.26 6
Electremechanli-
cal Navigatlon
Computer :
ASN-35 0.58 0.52 1.24 0.81 6 k
A3N-24 0.70 0.149 2.29 0.96 6 !E
Radio Communi- i
ARC-109 1.17 1.00 2.94 2.73 6 i
ARC-90 0.51 0.35 1.79 c.82 6 z
High-Power
Rh%ar
APQ-~110 1.03 0.70 . 2.88 1.81 6
AJG-~20 1.77 1.47 4,02 3.11 6
APQ-113 1 120 0.92 4,04 3.0k 6
APS-109 1.75 1.32 5.79 4,60 &
APN-59 0.94 0.59 3.29 '1.54 €
Low-Pover Navi- ,
%ationaI‘and 5
'PaanI = t
Ters and Re-
celvers . '
APN-167 0.64 0.52 | 1.82 1.31 6
APN-147 0.81 0.54 2.72 1.45 6
ARN-21 0.71 | 0.0 .| 2.05 1.15 6
1
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TABLE Xv !
MAINTAINABILITY DATA FOR AVIONIG EQUIPMENT
(NO~TROUBLE~FOUND ACTIONS EXCLUDED)
. ' ,; - .
l 1 fi O ‘u Average
Equipment CcT cT 0.95 MMH per Source
' (Hours) (Rours) Action
Havi ation/Radic !
Recelver :
APN-151 1.30 0.95 2.01 1.63
ADF-73 ' 0.34 0.27 0.96 0,34
Electromechant-
| | cal Navigation
i omputer
| ASN-35 0.68 0.63 1.28 1.23
3 ASN-24 0.66 C.6L 1.96 1.18
F} Radic Communi-
E catlon
E . ARC-109 1.24 1.07 2.10 - .2.91
E High-Power
adar
: APQ-110 1.22 0.99 3.65 2.35
E; AJQ-20 2.46 2.20 4.87 4.71
g . ArQ-113 1.40 0.90 T+18 3.34
i APN-5g 1.02 0.65 3.46 1.6€
Low-Power Navi-
“gatlonal ang
X %FF Tg“nsmiﬁ
{ Ters and Re-
celvaers
g} ARN-21 - 0.82 | 0.63 | 2.24 1.3
5
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5.3.4 Apnlicability of Regqulrements to the Demonstration
Environment

In the discussion of the results of the maintainabilit,-
demoustration survey 1n Section II, it was noted that the most
frequently cited difficulty was the difference betgeen test ei.-
vircnment and field enviromment. In an RADC study™, a compari-
son of demunstration-test results with field operationsal results
for seven systems revealed wilde discrepancles. The operational
fleld MIIR was always greater. Although the fleld data may have
been contaminated with some undesirable factors such as admini-
strative~time dealys, the observed differences are still uite
1liuminating.

It is apparent that the closer the test envirorment to the
expected fleld environment, the more meaningful the demonstration
teat, and that every effort should be made to achleve such simi-
larity. Specific reasons for bilases due to test environment
are outliined in this section.

Un.ess & Category III type test 1s to be performed, demon-
stration enviromments will differ in some respects from the fleld
envirorment. Because such differences do exist, a maintainabllity-
demonstration requirement based on operational goals shouléd not
be appllied unlees its applicabllity to the demonstration condi-
tions 1s first considered.

As a genersal principle, the specifled value based on cpera-
tional goals 2nd conditions must be sultably adjusted to reflect
the meintenance enviromment governing the demonatration. Often,
this is a difficult principle to adhere to. With an arionle
equipment, for example, a certain amount of time will be spent 1in
ths rield just reaching the equipment in the alrcraft, and the
time to iocate the malfunction and complete repeirs and checkout
is a function of this accessibility factcr, If the demonstration
test is n.t to take place in the aircraft (and this is often the
case) there is the quertion of whether the specified value should
be adjusted and how much,

1t might be possible to construct a mockup to simulate the
actual conditions, thus elimimmting the neced for adjustment.
Generally, this type of simulatlon will not be possible, and
field and test con’?tions must be carefully analyzed and their
effecte quantitatively assessed. Table XVI lists various factors
to be considered in evaluating the applicabllity of & specified
maintainability index. Table XVII lists some specific causes of
discrepancics that are classified as ylelding elther passimiastic
or opbimiastic results.

YA, Coppola and J. Deveau, "Reliability snd Maintainability Case

Histories", 8 of Neliasbility s=4 Maintainability, Vol. 6,
19673 pp0 Sg%jo i
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TABLE XVI

g FACTURS AFFECTING THE SUITABILITY OF A SPECIFIRD MAINTAIRABILITY
INEEX POR MAINTAINABILITY IEMOESTRATION

Physical Equipment

Stage of completion

; ' Similuarity to production items
) Physical lccation

Interfacing equipment

Test lLocation and Paciliity

:

E ' ] Lighting factors
Weuther factors
Space factors

i i . Test Teem
]

Organization

. Training and experience
Indoctrinatin

Support Items

Tools

General and special test equipmsat
Spares aveilabilily
Technical manuals

Operationsl Pactors

Mode of egquipment operation
. Procedures for instituting maintenance
Procedures for fault selection
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TABLE XVII

CAUSES OF DISCREPANCIES BETWEEN TEST AND FIELD RESULTS

A. Causes of Optimistic Test Results

li

The demonstration maintenence technicians are not rep-
resentative of typical Air PForce personnel because they
have more education and trairing cr groeater knovledsze of
the equipment design,

The monitoring situation imparts to the technician an
urgency not normally encountered in the field.

Known probable tasks are rehearsed beforehand.
Necessary support equipment is readily available.
Observed times are not contaminated with such factors
as administrative or logistic delay, as field results
sometimes are.

Difficult-to-isolate faults such as intermittencies and
degradetion failures are not simulated.

Causes of Pessimistic Test Results
la

The technicilans are not femiliar with the equipment
and have not acquired the necessary experience for
repid fault isolation.

Field and procedural modifications to reduce maintenance
time have not yet been made.

Initiel manuels may be incamplete or require revision.

’ 5
The monitoring situstion can adversely affect the te:h-
niclan's performance.
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- slze for thnis teut is given by the ~

5.4 RISK ASSIGIOENT

5.4.1 General | ?l

There are generally tuo mu Anvolved inh a dsmutm
tion test:

o
cagalt

(1) Producer's iisk, a -~ the probability ot Wﬁﬂb i

the main‘ad.nability ckaracteristic is the destzeld

level \ :
(2) Consumer's ris -~ the 11ty of mceptenss if

the maintainab .ty uwum& udﬂn' e

acceaptable (or undesiradle) level

Tdeally, a and f would be equal ¢ serc; gesnbing thad &n
1s impossible, very small values of a and § -~ an the evdwr of
0,001 -- are desirable. Such small values axg alse inGrastisel
since, ac discussed in Section III, the sslechion of o ¢l P
assoclated with the H ) axnd E; valuss for m 37 Aletatos
the sample sigze, For a and f on the ordur ce G.m, pis sies
far exceeding available test resources will nsusily B¢

Por example, consider s test cf the mssn of a loghormal w
tribution such as the following:

Hoz u-uO-SOmimu'c

H;: p,-p.l-‘&sm

As shown in Section VII (Test Nrasber 1), the muuw séegle
waquation

n= -(M (902-1)
(wy = 1,)°

where Z andz mthcmnxudeuwowmh@ﬁ

(1 - a)¥h an (1 - B)*® percentile of e normad (0, 1) aistribubiun
and o 13 tne variance of the logarithm of maintenance time. If
anﬁmdoz-lmm,tun

22 5)2 1 e
ﬁ:l -
.- A wE € -
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Pigure 6 shows the relationship between n and the risk
£ valuwes. In the figure; it can be seen that 1f a = p = 0.10, TC
cbeervations (2 reasonable number) are required. If a and £ are
reduced to 0.01, sdbout 230 obeervations are necessary, and for
G =f =0.001, & sample ~ize of more than 400 is called for.

: - . - Hopt. dsvelopwent budgets and schedules wiil not sllow for a
o teat regquiring 400 sample observations even if the obsarvations
sre to be simulated. In fact, even a sample size of 70 may tax
availshls resourcss, and for this illustrative case, riaks on the
ofaer of 0.15 or o.éo may be necessary.

It &8s not necessary, of course, for ¢ to equal . If, for
exauple, the need for the equipment is great and a 45-minute mean
tims to repeir can be tolerated (perhapc with later improvement

y modification and appropriate training, menning, ana support
planning), the # risk may be set at a higher level, say 0.25.
e msans that there 18 a relatively low risk of rejecting good
W: and a higher risk of accepting 2 minimum acceptable
sqguipment .

5.4.2 " Use of Prior Information in Risk Trade-off

The cholice of @ and # 18 alsc one involving trade-offs.
Prom a decision-theory viewpcint, the trade-off can be normalilized
to & coa® criterion based on the following:

g%; Cost of testing (sample size)
3

Coal of rejecting good equipment
Coat of accepting poor eguipment

~ #hile (1) can generslly be costed in terms of manpower,
faoilities, ani tiwe, (2) and (3) are more difficult to assess
ernnﬁtatively. Assuming that prior iaformation is available

or estimating at least reiative values assoclated with the three
costs, two simplified approaches employing decision-theory con-
cepts for selceting G and P are discussed below. For convenierce,
the maintainabllity characteristic of interest will be denoted dy
%i mg zpe-eiﬁed By and H:1 values by M, and N,, respectively.

2180 1€

co = Cost of rejection if M = ”0

,cl = Cost of acceptance if X = "1

5.4.2,1 Miniasx Griterion

oy The minthax criterion Is uysed when it is desrirsble to
..aveld extresely high costs. In order to use this criterion,
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for a given conpination of a and B, say (ai, f.), compute the
following:* J

(1) LIJ(HO) =08 + cij(mo)
(2) Ly 4() = Ci + ¢y (i)
(3) Zyy = Max [Lij(m\, Lij(ul)]
vhere
cij(qk) = Teat costs assoclated with (ai,s
1L N=M (k = 0or 1)

L, 4(W) = Total cost i M =M, (k=0, 1) and a =a,, B = B,
Leg = Maximum cost if a =a,, p =B

1)

J

Generally CiJ(Hk) will be a function of the sample-size re-

gquirements dictated by the a,, aJ pair and will not depend on M
ercept for sequential tests, for*which the average value of n
given M = q& can be used.

The a, B risk pair tc select is that which has the minimum
value of Lij' By this criterion the selected risks are such that

the meximum posaible costs are minimized.

: @: Consider the illustrative test discussed above.
Por city, assume that the values of a and B to be considered .
are restricted to 0.05, 0.10, 0.20. Some possible risk pairs ané
;saociated sample sizes, from the previous equation, are as
ollouws:

Pair (1,J) @ 8 ny
11 0.05 0.05 116
12 0.05  0.10 87
13 0.05  0.2¢ 58
21 0.10  0.C5 96
22 0.10  0.10 70
23 0.10  0.20 hl
31 0.26  0.0% 75
32 0.20  0.10 52
33 0.20  0.20 30

.

L/Abeve equations are based on the assumption that no costs are
associated with an accept decision 1if M=M,, or reject decision
ItE = Bl, except for the test costs. .

20




Cost considerations lead to the following relationships:
00 i #50:0%
C, = $40,000

2
C, ;" $2000 + ng 3 |
The results of the necessary computations are shown in

Table XVIII. Por esch » the maxinua valve of L is under-

scored. The minimum of these maximux values is mn’tww
$11,900, which is ylelded by the pair a = 0,10, B = 0.10.

TABLE XVIII

COMPUPATIONS FOR OBTAINING MONIWA
RISKS FOR ILLUSTRATIVE KA

Index Risks ~ Costs
i 3 a -] "IJWD}
11 1710.05 [ 0.05 | $27 -
1] 2 }0.05 | 0.10 5 O
1] 3]0.05 { 0.2 E'
2 1|o0.10 | 0.05 1
2| 2 |o0.10 | 0.10
2| 3 (0.10 | 0.20 >
31 1{0.20 | 0.05
3] 2 |o0.20 | 0.10 g
3! 3 10.20 | 0.10

*Minimum of maximum values.

5.4.2.2 Bayes Strategy

For the Bayes approsch, prior information or subjective
evaluation is required to estimate the following:

PO = probablility M = Ho

P = 1-Py = probability M = Ml

Then for each pair (1,3) the exrected ccet is computed:
E“ = Py [Ca, + cid(no)] + Pl[clpJ + cu(ul')‘}

The palir for which BiJ ie & minimum 18 selected.
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In this procedure, the risks are selected to minimize the
expected costs.

Esg%glee Assume that 1t can be reasonably estimated from
past periormance data, in conjunction with evaluation of the

maintainabllity program efforts, that P, = 0.70, PI = 0,30. The
values assoclated with this prior distr?bution areas follows. ‘
Index Risks Expected
. costs,
i J a B E1j
1 1 0.05 0.05 $17,806
1 2 0.05 0.10 12,516
1 3 0.05 0.20 9,514*
2 i 0.10 0.05 15,316
2 2 0.10 0.10 11,600
2 3 0.10 0.20 9,836
3 1 0.20 0.05 15,22
3 2 0.20 0.10 12,90
3 3 0.20 0.20 12,300
*Minimum Value.

From the above listing, it 1s seen that the risk u = 0.05,
B = 0.20 minimizes expected cost. If the prior probabllities
were Po = Pl = 0,50, the pair a = 0,10 B = 0,20 would be optimal.

With the prior estimates of Po and P,, the expected cost without

testing can alsc he evaluated. If n% testing 1s performed and

the equipment 18 to be accepted upon delivery, the expected cost

is simply : =

(Pl)(cl) = {0.30)(40,000) = $12,000.

For this example, the declsion not tco test is unwise. How-
ever, where testing 1s quite costly and past performance indicates
a high probabllity of a satlisfactory product, this type of evalu-
ation might indicate that, from the viewpoint of ‘economy, little
or no testing 1s the preferred cholce.

5.4.2.3 Susmary of Decision-Theory Approach

The tvo declslion-theory approaches described above might be
criticized on the basis that only the and H, values for M are
consldered. More extensive procedures ¢an be ased, but they re-

Quire prior information and cost relationships tha are not gen-
erally avallable. , s

In defense of the procedure, 1t can be said that 1o, con~
ventional sampling procedures, in which a and B are more or less
arbitrarily chosen, two levels of maintainability are alsc czon-
gidered. Moreover, the Mb and Ml values and their associated
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I SECTION VI
SELECTION OF MAINTENANCE-TASK SAMPLE

4 6.1 GENERAL

There are two basic approaches for selecting a sample of
maintenance tasks for the demonstrat lon:

(1) oObserve maintensnce tasks as they occur naturally In
an operational or simulated cperational slituatioun

(2) Induce faults in the system and observe <he mainten-
ance actlons to corr:ct these faults

Leb g d Lo g Lot o

The terms "natural fe!lures" and "fault inducement" will
be used to distinguish these two approaches.

| < For the fault-inducerent approach; a decision must be made
on the type of sampling procedure to be used. Tne usual choilce
is between stratified sampling and simple ran-”.m sampling.

v In thls section guldelines are offered for evaluating the

: applicabilxty of the two basic approaches, obtaining maintenance-
task samples, and choosing the appropriate sampling deslgn and
prozedure.

$.2 NATURAL VERSUS INDUCED FAILURES

4 ' In most cases, the choice of natural or lnduced fallures

must be made early 1in the development progrsm since the natural-

failure approach can te used oiily if the program schedule allows
' enough time to cbtaln the required number of maintenance tasks.

t — This allowable time 1s, of course, reiated to rellebility.

: If 6 1is the MIBF of an equipment, the average numnber of
cperating hours that willl be requlired to yleld n faillure ccevr-
rences 18 ng . For equlpments with MTEFs of huvudreds of hours
and required sample sizes of 30 to 70, the number of required
equipment operating hours carn easlly exceed 10,00C (e.g., 50
samples from an equipment with an MTBF of 200 hcurs,;,. If three
such equipments are avallable for test and the equlpments are
operated 16 hours a day, an average of more than 200 days would
‘be required to complete the demonstration.
H - Because of time requlrements of this magnitude, most m&ain-
talnability uemcnstratlons are based on the fault-inducement
apprcach, by which the demonstration can be completed in a few
éays.
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With respect to realism and epplicabllity, the natural-
failure approach is clearly the preferred cholce. The major
disadvantege of inducing faults 1s that there is no guarantee
that these faults are representative of those which will be
seen in oper&tlon. In addltion, the feult-inducement plan pro-
vides information for rehearsal, which will naturally bias the
teat in a dJdirection that iz favorable to the contractor. Un-
fortunately, there hsve been indications that such rehearssls
hsve taken place in demonsti—ution tests.

. Because of the problems asscoclated with faul? inducement,
the following general recommendations are nade:

* If the schedule can allow for natural fallures, then this
type of sampling procedure is preferred. Category III
type tests will logically fall within this class.

- If the complete demonstirstion cannot be compieted with
only naturally occurring {ailures, a combindtion of the
two approaches should be used. One possibllity is to
take advantage of the relliabillity-demonstration test and
include in the sample the maintenance times needed to
correct faults thet occurred in the reliability demon-
stretion. Close ccoordination between the two test
groups will be required.

- If & natural-fallure test cannot be conducted, any natural
failureg that do occur during the inducea- failure cvest
should be included in the aample.

6.3 PAULT-INDUCEMENT PROCEDURES |

The first orliterion for judging the suitabiliiy of 3 fault-
inducsement procedure 318 whether it leads to a series of main-
tensnce taska that are representative at the level of mainten-
ance spegified, Thus the meintenance *asks genereted by fault
indnrement ahould be representative with respect to the follcw-
ing:

* Engxniearing end maintenance factors such as symptom in-
dications &nd required repair procedures

* Freguency of ocourre. s’

The iatter will he considercd in Subsection 6.4, which
deescribes the sampling proesdure.

Frequently ussd methods for inducing a fault are to tape &.

connector pin or disconnect a leed to simulate an open, ground-
ing a wire or pin Vo simulate & short, ineerting a known faulty
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part or blown fuse; end remcving & circuit cerd or wire.

The method used shonld net, of course, provide the tastmni-
cian with infsrmation that he would not normelly recelve wder
sctual maintenance conditions. Taping a pin, therefcre, vould
not be an acceptable methed if the level of malzteninee wus
such that the technicisn covid sasily spot thia type of simu-
lated fault. If, however, maintenence were et che module ievel
end the pins were intemm&l, such 8 m2thod would be ecceptable.

More than avoiding cbvious simulations iz ruquircd foy
adequate fault inducement. A review of pist maintainability
demonstrations indicatves that the fault-inducement methods in-
volve & great nunber of disconnects, card removals, wire
ings, and vhe like to simulate either shorte or opens with 1it.
tle or no regerd to other type fallures.

These methods are relatively easy to accomplish; they san
be controlled esc that the equipnent 1s not Adameged and the in-
duced fault can be easlly corrected upor cowpletion of the mein-
tenance observation. Ilowever, they may not leaé to 3 repressn~
tative set of maintenance tasks. Pellures resulting from
out~of-Solerance or degradation conditions or intermittencies
and thoese of & secondary nature leading to & multiple fatlure
occurrence usvally cannot be simuleted by these simpl: methods.

There ere several poselble approeches for inducing non-~
catastrophic rullures:

* Replacement of a good part, circult, or asszembly with
an identical item with an appropriate type fallure

- Insertion of extra nondetectables perts such as a by-
pass resistor to simulate an out-of-tolerance condition

* Deliberate misalignment
- Use of cold-solder Jjoints to induce intermmittenciles

Conaideration should bte given to including failures that
cannot be attributed to plece-part inherent reliability such as
nieked insulstion, broken wires, and items abused by operation
or through maintenance (e.g., bent pins). Secondary fallures,
which are a resuit of & primary failure, nust be considered if
their frequency of occurrence is not negligible.

' The strongest argument for avoiding noncatastrophic feil-
ures is that they are difficult to induce by simulation, and
.this cannot be denied. However, the cost of such failure in-
ducement should be small relative to the totel cost of the dem-
onstration. More important, the sdditional investment for in-
ciuding more than just open- and short-type failures provides
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& more representative set of tasks and, therefore, eliminetes
@ poasibly serious biasing factor

One approsch to achieving this type of noncatastrophic

3 representation is for the contrector to retein parts, circuit
carda, azasemblies, etc., thet have been rejected during develop-
gent, reliebility, and quality-control tests for possible use in
the maintainsbility demonstretion. This 1s particularly impor-
tant for fallures that are difficult to simulate, such as inter-
mittenclies and instability.

From the foregoling diecussion, it is apparent that the
types of faults to be simuleted and the methods of simulation
must be .unsidered early Ja the development progrem. Such
early planning wil! maks 1t possible to use the infermation
from development-typs teste to achieve realism through offective
] simuletion. Besceuse of the intriceciesz that may be involved in
siamzlating cerialn types of malfunctions, the guidance of de-
gign-engineering and reliabilicvy personnel will generally be
requir#d in planning the fault-inducement procedures. The re-
sults of faillure-mode and effects analyses (FMBA), reliability
predictions, and rellability tests, are particularly applicable.

6.4 . DESIGN OF MAINTFNANCE-TASK SAMPLE

Randomneas, iack of blas, representativeness, and effi-
clency are several of the criteria for evaluating a sample de-
sign. In an experiment such as testing the efficacy of a drug
on lahorstory animals or polling a relatively known and stable
pepulation on & political gquestion, the use of such criteria is
possible, meaningful, and prudent. In maintainsebility demon-
stration, however, the population of interest, maintenance-task
tises, does not usuelly exist at the time of the test, and the
enomely of sampling from a nonexistent population certalnly
complicates sample design.

1 Sumpling from a pepulation whose speclfic characteristics
have not been previously observed is not unique, however. For
example, 1t 18 possibie to estimate the number of different
types of fish in & newly discovered leke from & semple designed
by stratifying the lake by areas, if general information 1is

1 aveiladble on the habitats of different fish. Care must be taken
1 tc eliminate blases in methods used for catching the fish, time
1 of day, season, etc. -- that 1s, the procedures used should not
result in obtaining one species of fish in a grester proportion
than &ctually exists in tne population.

1 Similarly, the bgeic objective in obtaini:g samples i{rom

. nasurally occurring failures or from fault-inducement procedures
sheuld be to yleld uvnbiased =2stimates of the maintenance para-
meter of interest. It is probedly impossidle to avold bilas
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E completely, For example, the inducement of £ fmult thet ¢&n
1 periously demage the egquipment is alimmost elways prohibited.
3 : However, possibly serious biaaing factors,; such as indueing
3 only easily repaired faults, should dbe closely qontroiled. If
the direction and magnitude of unevoidable remaining biasing
. factors is known, apprepriate ediustments o the specified
values may have to be made, ez discussed previously.

6.4.1 Sample Design for & Hatml-hilms 1‘«'6

For demonstration based on nstursl tailvru, there 15 1lit-
, tle flexibility in semple selection. As fajiliurves ocour or pre-
1 ventive maintenance uctions are called for, cbservers record
the appropriate maintainability cheracteristic when the mein-
tenance action 4s initiated. The small mumber of availadle
equipments and test environments and iirmited test time will
generally preclude the use of sophisticated unplia‘ Wﬁﬁw
end require following an "observe everything we ssn"” ohilo y

Those responsible for sample design should review ths -
ditione under which the nutural failures will occur. Xf th,
analyeis indicetes thet certain types of actionz will be un-
likely, as might be the case if ihe operationsl mcde under test
does not require using a portion of the sglten, then some fauit
inducement may be necessary. Therefore, 'r1lling out the sempie”
should be considered for a natural-failures test.

To aid further in determining representativeness, it g
recommended that a list of the variocus possible maintensnce
tesks be developed, possibly grouped by similarity of required
procedures and expected task fimes. The frequency of occure
rence of each group muat then be estimated on the basis of such
fectors as number of items in the system that can lead to per-
i formance of the particular task or group of tasks, the relis-
— bility of these ltems, and the operating duty cycle.

e

Such & list will then provide an estimsted relative fre-

quency of occurrence c¢f various tasks, which can be used to

" evaluate possible biases in the observed sample. Since the
iist must be developed partly on the basis of estimetes, such
as faillure rate, there 18 no guaraniee that the checklist is
"right" and the sample "wrong". However, such a list cean pro-
vide a warning signal for large discrepencies, which should
then be investigated in greater detall.

Since the development of such & list 1s tihc basic approach
o designing a faul-inducement sampie, the details are presented
in the following subsection, which deals with that method of
sample selection.
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6.4.2 Ssmple Design for a Fault-Inducement Test
6.4.2.1 Simple Random Versus Stratified Sampling

The basic choice in designing a sampling procedure for in-
ducing feults is between simple rendom sampling and stratifiec
sampling.

A simple random sample is one in which all possible samples
of n units cut of the populaticn have an equal chance of being
choser.. A atratified random sample is one in which the total
sopulation is divided into subpopulations or strata and sample
sizes for each stratum are then determined &according to selected
criteria. Random sampling is then performed within eech sub-
population.

Because there 1s 1o physical populaticn as such from which
to sample, 1t 13 neceasary first to develop a hypothetical popu-
lation of maintenence tasks. Tnls hypotheticel population pro-
vides the basis for sampiing by the feult-inducement procedure
for both random and stratified sampling.

A simplified scheme for presenting this hyjothetical popu-
lation 1s shown in Teble XIX. The maintensnce-cask groups rep-
resent all the different ¢ypes of maintenance taskxz that may be
performed, ranging from simple adjustments to complicated mech-
enical repairs. Similar tasks are usually grouped together.
The expected number of t&sk occurrences within a meintenance-
task group can be eatimated by the equation

where

hij 1s the fallure rate of the Jth item in the 1°P

groap
kyy 18 the duty-cycle factor for the s*P ttem 1in the
ith group {0 < kij $ 1.0)

T is the average mission time

The sum ol the Eifs is the expected number of mainteiance

actione in T hours, and thie is used toc obtsin the relative task-
ossurrencs »robabilities, Py- Detalls of develeping such a

table mre presented in Subsections 6.4.2.2 and 6.4.2.3. Table
XIX will be used here to discuss the distinction between simple
ahd stratified sampling.
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TABLE XIX
MAINTENANCE-TASE POPULATION

Maintenance-tusk Expected Number Relative Rhintennnce-

Group of Occurrcnces Task Populaticn
in T Hours .57
: ! B /R% py |
2 E, E,/B = py ¥
8 E, E/E = pg

-]
E =;E1 ;pi = 1.0

To select a simple random sample of slze r.,, n random nws-
bers hetween O and 1 can first be drawn, such as from a random-
nunbey teble. 1If a seiected random number, x, is in the inter-
val 0 < x s Pys 2 fault generating a task in the first group is

induced. If it is in the interval p. < x & (p, + p,), the
1 1l e

seccnd type of task is generated. [(p1 + p2) < x5 (p1 + Py + p3)]

defines the interval for generating the third type of task, and
gsc forth. By this procedure, all possible samples of size n have
an eqal chance of belng observed.

The most commonly used method of stratified sampling in
maintainablility demonstraian 1s proportional stratified sam-
pling. In this method, the semple size from each stratum (e.g.,
maintenarce-task groupj is proportional tc the population size
of the stratum. Thus 1f there were five strata with relative
popuiation sizes or 5, 20, 20, 25, 30, and a total semple of 50
observations were to be made, 2 or 3 cbservations would te se-
lected from the flrst, or smallest, stratum, 5 from the second
and third, 1C from the fourth, 12 or 13 from the next, and 15
from the lergest stratum.
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It is noted that for & simple random sample, it Is unlike-
iy that such a "natvral" sample-size distribution would occur,
but as vhe total sample size increases, the simple rendom and
proportional stratified samples will teni to coincide. For a
"small sample, however, 1t is quite possible that a ssmple from
8 specific stratum will not be observed in a random sample.

For exampie, if the above relative population sizes are used,

with a tof;al sample size of 20, there i: a (0.95)20 = 0,112
probabllicy that no sawples from the smallest stratum will be
cbserved, while a proportional sample woull dictate that one
such cwservation be drawn.

The most common applications of the theory of hypothesis
testing are based on the assumption cof slmple random sampling.
On the other hand, stratified sampling is often employesd in
large-scele survey work to tvake advantage of the greater pre-
cislion that such & procedure offers in obtalning estimates of
population perameters.

Historically, proportional stratified sampling has been
used in malntainability demonstration (MIL-STD-471, Appendix A,
Task Selection Method), probably because identification of the
maintenance-task population requires a form of stratification
and because stratiflied sampling can ensure that at least one
sample observition from each selected stratum will be included
in the sample, thus prcvidlng some psychological assurance of
representaiiveness.

There are several advantages to stratification. In some
cases;, a hypotheals conceining one portion of the system or one
type cf maintenance may be of interest end, therefore, there
may be & sample-size requirement for each of the appropriate
subpopulations. For example, if ¢ maintalnability test is con-
cerned with total maintenance man-hoursg, it may be advisable to
treat corrective- and preventive-maintenance actions as two
sutpopulations so that inferences can be made for each as well
&8 for the total popuiation of raintenance actions.

A second advantage 1s that there may be cases in which
administrative considerations will dictate the use of stratifi-
cation. For example, in conducsting a maintainabllity-demonstra-
tion test, 1t may be advisable to consider the electronic and
mechanical portions separately, and the sampling approach ip
each may differ, thus nece 3.tating a stratiflied approach.

The third major advantage of stratification is statistical.
By stretifying a heterogeneous population into homogeneous
strate, the variation withii each stretum is minimized so that
en estimate of vach stratum mean can be obtained with & rela-
tively small semple. These stréva means rve then conpinsd so
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that the overall mean estimete has smaller varisnce than that
of simple random samples. This concept can be extended to ob-
taln a stratified plan that minimizes testing costs where costs
of testing vary over the strata elements.

The major disadvantage of stratification 1is that while it
is an effective method for increasing the precision of sample
estimates, it introduces considerable complexity in the neces-
sary analyticel procedures for hypothesis testing. For ex-
ample, 1f the hypothesis under test goncerns the mean of &
normal distribution, the well known "t" test is usually applied
under simple random sampling. When stratified sesipling is used,
such simple application may be impossible singce even though the
overall population is normally distributed, the distribution
within each stratum may be.far from normsl. Most textbook dis-
cussions of confidence-interval and hypothesis-test inference
are therefore based on the assumption of simple random sampling.

The procedures currently used to analyze the results of
maintalnability-demonstration tests employing proportionel stra-
tified sampling are based on the assumption thet only simpie
random sampling has been performed.

As mentloned above, for large sample sizes & propoirticnal
stratified sample and a simple random semple will yileld essen-
tially similar results. Therefore, for large sample sizes (at
least 50 observations) and a small number of strata (e.g.; ne
more than 10), the use of simple randcm-sampling anelysis pro-
cedures for a proportional stratified sempling can be considered
acceptable 1f one i1s willing to forego the greater precision
generally offered by stratified samplling.

It should be noted, however, that for a stratified random
sample, while all elements in the populaticn may have equal
chances of appearing in the sample, the sample observations are
not independent with regard to order. For if (n-1) observe-
ticns have been made, the last item must be selected f»om & per-
ticular stratum, whose identity depends on the previously ob-
tailned sample observations. 'This type of dependence vinlates
one of the principal assumptions of standerd sequential-sampling
plans; therefore, a stratified random semple is generally not
appropriate for sequential testing as commonly used.

Tc summarize, stratiflied sampling will yield more erficient
tests than cimple random sampling provided the folloewing con-
ditlons are satisfled:

There 18 a good basls for stratification.

The variance within each stratum is small,
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The strata population sizes are known.
*  Appropriate analyticai'procedures are avallable.

If simple random-sampling analytlcal procedures ar» em-
ployed, the main advantage of sampling by prcportional strati-
fication 1s psychologlical in that assurance 1s provided for
including samples from each of the stratified populaticr.s. It
is belleved that this 1s the major justification for stratified
sampling in maintalnability demonstraticn.

Table XX provides guldelines for using simple randon and
stratified sampling by presenting a summnary comparieon for
several major factors.

6.4.2.2 Stratification by Maintenance-Taek Groups

As indicated abcve, regardless of whether simple random or
straiified sampling 1s used, a hypothetical maintenance-task
gcpulation must first be developed when faults are being induced.

dentifying the maintenance-task grours 1s the first step to-
wards this goal. For discussion purposes, the terms mainten-
ance-task group and malntenance-task stratum are used synono-
mously.

For practical reasons, otratification or grouping is
usually performed for both simple random sampling and stratified
random sampling. The difference between the two is thet for
stratified sampling, the number of samples to be taken from
each stratum is predetermined, while for simple random sampling,
the number of samples to be taken from each stratum is a random
variable.

For discussion purposes, commente wiil be restricted to
gtretified sampling, since they will also generally &apply to
simple random sampling when task selectlon by fault incducement
1s belng cconsldered.

The firct tesk in stratification is choosing criteria by
which to stratify. This involves the characteristlc by which
to stratify. the number of strats, and the boundaries defining
the individual strata.

For a large-sc&le survey using stratified sampling and
appropriate anglytic procedures, the major objective 18 to di-
vide a heterogeneous population into subpopulations (i.e.,
strata) that are homogenenus. If this is done, a relatively
emall sample from each stratum will provide a precise estimate
of the stratum mean, &nd appropriate teciniques for combining
the stratum-mean estimates will yleld s préclise estimate for
the popuiatlon mean.
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TABLE XX

COMPARISON OF STRATIFIED AND SIMPLE RANDOM SAMPLING

Factor Comparison

Planning of Semple Stratified sampling requires more detalled
planning and knowledge of underlylng main-
tenance-task populaticn than does simple
random sampling.

e

Administration of Strstified sampling Includes all adminis-
Sampling Procedure trative aspects of simple random samples
plus additional control to meet aspeclifi-
cation sample-size criteria.

Analysils of Data Standard analytical methods are based on
! simple random sampling. Stratified ana-
lytical procedures for svratified samples
are relatively ccmplex and may not be
avalletrle.

E Sampling Efficlency | Stratified sampling generally 1is more ef-
i - ficient than simple random sampling in
that variances of sample estimates are
lower than for simple random samples.

Sub-hypotheses Stratified sampling provides a means to
test hypotheses on different portions

of' the system with adequate control. Such
control 1s not generally avajllable for

% simple random sampling.
%
1

Representativeness Stratified sampling provides assurance
that sample observations from each stra-
tum will be ovnserved. Simple randoi sam-
ples can only provide such assurance
probabilistically.

In maintalnability demonstration, huwever, xnown anaiytic

techniques for stratified sampling are elther lnepplicable or
- too complex for practical use, Stratification is used in demon-
stration primarily te ensure rvepresentstiveness; therefore, the
criterion of homogeneity should be consldered with this in mind
If a stratum includes a number of tasks, selection of only one
or two tasks should yield a representative sample of the stratum,
and across all strata the sample selections should accurately
represent the tctal maintenance-task population.
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Therefore, the tasks within a stratum should require anproxi-
rately the same amount of malntenance time or the same number of
man-hours, whichever is appropriate. Rigid adherence tc¢ this
precept should be avolded, however. Repairing a particular elec-
tronlc assembly mey take approximately the same amount of time
as repairing a .aotor generator, but the differences between the
two types of actions would make 1t unnaturel to place them in
the same stratum, It seems reasonable, then, to require also
that there te similaritles among the tasks assigned to a stra-
tum.

The detall to whilch the maintenance tasks are defined must
also be consldered. For example, a maintenance actior may be
defined as a single task, "replace Unit 01" or as two tasks,
such as “"replace Unit 01, which has a shcert” and "replace Unit
0L, which has an open'. Conceivably, the diagnostic times for
these two tasks can differ, sc that they mlght better be placed
in different strata. There are practlcal limits on the detail
to which tasks are deflred, nhowever -- namely; the amount of i1~
formation concerning expected task tlmes and the desire toc limit
the number of strata so that random-sampling analytical %tech-
nigues can be reasonably applied.

There is no single corr=2ct approach to stratifying the nopu-
lJatlon of maintenance-task times. The following approach is be-
lieved to be reasonable and practical:

(1) Pirst divide the equipment or system by physical en-
titles, such as equipments wlthin a system or units
wlthin an equlpment. These first-levei breakdowns
will be called blocks.

(2) For each block, subdivide to the highest system level
&t which meaintenance will be performed. If the block
1s the highest level, no further subdivision 18 neces-
sary. If an eguipment is under tes. and the organiza-
tional-maintenance philcsophy 18 unit replacement,
subdivlide to the units. In some cases;, repairs or
adjustments may be made within & unit, but tvhis is
consldered in the next step. These elements of the
subdivision wilil be called sub-blocks.

(3) For each sub-block, 1list the sssoclated maintenance
tasks and estimated maintenance-tarv times or men-
hours,® For s sub-block that is an LRU, removal or
replacement may be the only task listed. However, if
LRU adjustment or eome further tasks such as crystal
replacement are possible. they would also be listed
as sub-block tasks.

1t ie¢ assumed that only taaks which relate to the specified ma’n-
tainebilicvy index are listed. For example, noncritical, frequently
occurring, and easlily corrected malfunctions,such as lighit-bulb
fallures, would not normally be included in the task list.
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(4) Group together those tasks in each sub-blcc.. which
require essentially similar actions and wlll be ex-
pected to have gimllar maintenance timec or man-hours,
whilchever Iindex asuwplies. The use of historical dats,
the prediction effort of the maintalnebllity-engineer-
ing group, and previcus development tests should be
used as inpuvs for;the time estimates. These groups
will then form parf of the initial set orf strata.

(5) Compile a list of mailntenance tasks that cennot be
easily assoclated with a physicsl entity -- for exem-
ple, revelr of interconnenting cable; and tasks that
are nct a direct resu.t of unrellabliity or degrada-
tion, such as equ.pment abuse and faulty installations.

(6) Combine similar tasks of step 5 into strata, which
are then added to th2 1list of initisl strata of step 4.

This scheme simply uses hardware characteristics asg the
first approach towards stratification &nd then simlilarity c¢f
maintenance actions and task times within hardware groups as
the final criterion for stretification. The miscellanecus tasks
of step 5 are added in recogrition ¢f the fact that not all mein-
tenance actions involve the usual "black box" failures and not

all actions are predlctable simply from analysis of part failure
rates.

This initilal set of strata may have tc be revised when the
actual tasks to be Induced and sample-size requlrements are con-
sidered. later examples illustrate this. A%{ thiz point it 1is
worthwhiie to provide an illustration of thle procedure.

Tie 1llustration will be concerned with & maintainabilitys
demonstration test of an airbcrne dopr.er redar equipment con-
gisting cf the following units.

Antenna (AS)
Recelver/Transmitier SRT)
Frequency Tracker (FT
Redar Set Contrcl (C)
Drift fingle Indicator (ID)

The orgenlzatlchal-neintenance procedure for this equip-
ment prescribes replucing all units except the recelver-trans-
mitter, ror which mcdulzarized assambllies are removed ang ie-
placed. These assemblies sre as follows:

I.F. - A Modulator (Mod)
I.F. - B Transmitter (Tx)
Audic Amplifier (Amp) Power Supply (PS)
107
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Simple mechanical repairs or adjustmenta on the anternna

and crystel replecement in the frequency trackers are also per-
formed in the aircraft. The stratification procedure described
above is shown schematically in Table XXI.
TABILE XXI
EXAMPLE OF STEP-BY-STEP STRATIFICATION
Step 3
Step 1 Step 2 Sub-hlock Step 4 Step 5 .
Blocks Sub-blocks Tasks and |Block Strata(Miscellaneous
Task Times Strata
Antenna Antenna R/R 1.0 A - R/R
Mech, A - Mech.
Adjust 0.5 | Adjust.
I:F - a’\. R/R 0’3}
Recelver/ Anplifier R/R 0. Amp, Mod.
Transmitter | Mcdnlator R/R 0.&-} Pspi R?R ’
Power Supply | R/R 0.4 )
Trensmitter | R/R 0.5 Tx - R/R
Frequency Frequency R/h 0.6 FT - R/R
Tracker Tracker Replace ¥T - Replace
Crystals Crystals
005
|
Radar Set Radar Set R/R Q.5 iC - R/R
Controi Control !
Drift Argle | Doift Angle | R/R C.5 ID - RAR
Indicator Indicator '
Miscellan- ' Kepalr ca-
eoue 'bling or non-
i inectors.
' ladjust fauity
! ; installation
[ S Sp— — e
*R/® - remove end revplace.

6.4.2.3 Task uccurrvence Frequency and Selection

Once the inltial zet of etrata hac been established, 1t 1s
necesgsary to estimate the feguency of occurrernce of tasks in

)
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each stretum, For taske that result from part failure, the use
of part failure retes such es those presented in MIL-HDBK-217
may be satisfactory. These fallure rates, however, primnarily
reflect catastrophic plece-part failures and usually do not in-
clude such rafilure modes as degradaticr., part interactions, and

intermittencles.

Since it is quite <ifficult to predict these types c¢f fail-
ures, & simplified procedure is used whereby a fallure-rete pre-
diction based on catastrophlc feilures 1s adjusted to account
for other types of melfunctions. One means for such adju.tment
is to anslyze unit complexity.

Previous ARINC Research analysls® of historical aata on elec-
tronic and electrcmechanical systeme nas Ilndicated thet the
operating fallure rate of a8 nonredundant item can be estimated
by

s~ 1,35
A=K C
where
N 18 the estimated rallure rate

C 18 the complexity .n terms of equivalént enalog
actlve elements

Ke ig the average fallure rate of one active element

operaiting in environment e {i.e., ground, airborne,
cr missile)

This tyre of relationshlp also appears in the Navy Main-
talnabllity Lngineering Handbook - NAVORD QD 39223. Table XXII
1s abstracted from that document to provide cthe basis for deter-
mining C, the number of equivalent analog active elements in en
equipment. The fact that the exponent of the complexity factor
1s greater than one 1s attributed in part to the interection
effects existing within the system, whilch can cause noncata-
strophlc fallure occurrences su.nl &8s corponent degradation and
~ntermittency.

The above equation can be used in one of two ways in as-
sessing frequency o: occurrence of fallure in electronic or
electromechanical items:

(1) If MIL-HDBK-217 or simjilar feilure-rate prediction
procedures are used, the total fallure rete of the
item can be estimated by the equation

~ - ~ 0'35
A= xcat C

®G. T. Bird, "On Reliability Predilction in Satellite Systems",
ARINC Research Publication 4226-1-205, 1360 (see summarizing
article in May 23, 1930 issuve of Av ation Week).
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TABLE XXII
WEIGHT I FACTORS FOR ESTIMATING EQUIVALENT ANALOG
COMPLEXITY OF ELECTRONIC SUBSYSTEMS
Equivalent
AEG Type Function Analog
AEGs#*
Transistor Signal-level analog function 156
Signal-level dlgital function 0.1
Povwer conversion and regulaticn 2.0
Diodes (Semiconductor) | Signal-level analecg function @ d
Signal-level digltal function 0.01
Puwer rectification 1.0
Electron Tube Signal-level analog function 1.0
Signal-level digital function 051
Power conversion and regulation 10.0
Microwave Power Tubes | Traveling wave tubes,
magnetrors, klystrons 106.C
Photoalectric Cell Light sensor functions 0.1
Phovo Multiplier ILight amplifier 10,0
Solar Cell Power generatlon 0.01
Relays deneral .0
Gyros, Position Irertial reference 50, 0%+
Gyros, Rate "Rate" signal 10, O#*
Accelerometers Pcceleration measurement 1.0
Crystals Frequency determinatio: 1.0
e Thyratrorn Powei' Jwitching 100.0

# See NAVORD OD 3G223, Appendix B for source of AEG data.
#% For short-duration missions (less than 500 hcours).
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where icat is the total failure~rate estimate based on
catastrcphic occurrences only.

(2) If a direct prediction of total failure rate is %o be
obtained fram complexity shalysis, the following equa-
tions are used (A = failures per operate hour):

Ground Systems: 3ni8 = =12.013 + 1.354nC
Airborne Systems: fni_ = -10.005 + 1.355nC
Missile Systems: ﬁn%m = «6,950 - 1.35£nC

For mechanlcal, hydraulic, and other nonelectronic items, ap-
propriate Drediction procedures presented in the literature will
have to be used.” In some cases, direct fallure-rate predictions
are 1l..approprieste, and the probatility cf task occurrence in
terms of unreliability is & better measure. Such probabllities
can be adjusted to an equivalent average failure rate by the
relationship

A - lfU t

where U(t) is the provability that the maintenance task will be
required after a mission of t hours [U(t) = 1-Rit)].

Prediction-by-function approaches are also applicable for
failure-frequency estimetion since they are generally based cn
field data that include all types of fallures. Some prediction-
by-function equations include complexity as a predictla: para-
meter. The follcwing RADC reports are applicable:

RADC~-TDR-63-146 -~ "System Reliabillity Prediction by Func-
tion" (Ground Systems) - Federal Electric Corporation, May
1963, AD 406191.

7“Several such sources are:

RADC-TR 68-~-403, "Reliability Prediction - Mechanical Stress/
Strength Interference (Nouferrous)", University of Michigan,
February 1969.

RADC-TR 68-114%, "Data Collectlsn for Nonelectronic Feliability
Handbock", Hughes Alrcraft Corperation, June 1968.

"Investigation of Rellability of Mzchanical Systems", Lockheed-
Georgla Company. Octobe» 1365, AD W75977,
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RADC~-TDR-63-300 - "System Reliability Prediction by Funec-
tion" (Ground Systems, 2 Vols.), ARINC Research Corporation,
August 1963, AD 481191, 481192,

RADC-TDR 65-27 "System Keliability Prediction By Function”
(Ground Systens - Supplementar% Report ), ARINC Research
Corporation, March 1965, AD 614227,

RADC-TDR 66-509 - "Avicnics Rellability and Maintainability
Prediction by Function," ARINC Research Corporation, Octo-
ber, 1966, AD 802998.

Once the falillure-rate predictions are made, the relative
frequency of task occurrence 1is calculated in a manner similar
to that indicated in Table XIX of Subsection 6.4.Z2.1. Table
XXIII shows the computations for the 1lllustrative system.

In the table, part-fallure-rate estimates corrected by the
complexity factor are assumed to be used for all tasks except
those involving mechanical fanlts. For the latter, the failure
rate shown. is assumed to be based on estimates of cccurrence
probability. Dividing the total failure rate of 830 into the
individual maintenance-task strata rates ylelds the relative
frequenciesa of occurrence shown in the table.

Several strata are then regrouped to yleld at least a five
percent frequencyof occurrence. This regrouping 1s done to mini-
mize the number of strata wilth small frequencles of occurrence,
egpeclally those which wculd lead to a requlred sample size of
less then one for stratified sampling It 1s not necessacy to
regroup 1f simple random sampling is to be used, in which case
the relative frequencie3 of occurrence are used to determine
tesk selectlon. If, for example, the required total sample size
is 60, then 60 numoers shc:ld be drawn from a random-number
table. If a random number is between O and 0.16, a msintenance
tagk involving the antenns 1s tc be simulated. If the random
number is between 0.16 and 0.27, & fault resulting in the re-
moval and replacement of an IF mcdule 1s induced, etc.

For a stratified sample, the numbers in the last column
of the table are the sample-size requirements. Thus, for a
sample size of 60, 1C faults are to be induced involving the
antenna, 7 faults ere to be induced thet will result in the re-
moval and replacement of one of the IF modules, etc.

\ The actueal faults tc be induced require further analysis.

For the antenna, it is seen from the relative-frequency-of-occur-
rence column, that removal and rerplecement occurs almost four

\
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TABLE XXIIX

CALCUTATIONS OF RELATZIVE FREQUENCY OF OCCURREINCE
AND SAMPLE SIZE FOR RADANR DOPPLER EQUIFMENT

o it o et A e, S A, Bt £ . e SR, il W i, LV,

Fallure|Quantity ! Total ! Relative Proquency
Mai.ntme Task Rate of Pallure | of Ooourrence, P, Sﬁng*
RN 16 Items Rate ® (Percent)
Antennia R/R 105 1l 105 0.127} 0 ,6? 10
Antenna-Mech/Adjust. - - 30w 0.036
IF-R/R 45 2 I 90 0.109 = 0.11 7
Amp - R/R 10 1 )
Mod - R/R 5 1} ] 30 | ows6,
P.S. - B/R 12 1 }o.os 3
Tx - R/R 10 1 10 0.012
FT - R/R 400 1 420 0.482 = 0,48 28
¥T - Replace Crystal 20 4 80 0.096 = 0.1u 6
¢ - R/R 35 1 35 0.042} 0 051’ 3
ip - R/R 10 1 10 0.012°
Rep&ir Cabling or - - 10%% 0.012 R
Connectoy 0.05 3
Adjust Faulty -— - 3o 0.036
Installation
Total = 830 1.000 60

#4311 units have 100% duty cyocle.

A = cR(T

, T = mission time.

Therefore, a duty-cycle colunn is not shown.
*#0btained from estimate of probability of cccurrence, using the celationship

t Regrouped to increaseall frequerncles of occurrence to at least 0.C5.

+t The semple sizes shown apply.only to stratified sempling.

sampling, the relative frequencies of cccurrence are used.

For aimple random
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tires as often as the mechanical adjustment. If the mainten-
ance task involves the antenne, the probability that it is a
removal and replacement actlion is

0.12 o
tr:ﬂgrf;{g75§6—vo.(8

Therefore, a representative randem semple for the antenna tasks
can be obtalned by selecting a random number between 0 and 1. If
it 18 less than or equal to 0.78, induce & fault that will re-
sult in a removal and replacement. If the random number is
greater than 0.78, induce & fault requiring on-board mechanical
adfustment or repair.

Within these tasks, there will also be a cholcs of the fault
to be simuiated. This may involve, for example, the selecticn of
an assembly or part and 1ts mode of faillure, and here the ccn-
sideration of symptom indicaticn may te important, especlally for
removal-replacement actions (see Subsecticn 6.4.2.4 for a sampling
approach based on symptoms).

In the same fashlon as discussed above with regard to the
cholce of antenna task, fallure-mode or symptom probabilities
should be analyzed to obtaln thelr relutive frequency of occur-
rence withiln a task. & random-sampling procedure 1s then ap-
plied in eccordance with these relative probabilities to deter-
mine which faults should be induced.

For example, conslder the remove-and-replace task involving
the freguency tracker. From Table XXIII. 28 tasks are to be
similated for a proportional stratifled sample. A failure-mcde-
and-effects analysls indlcates that there are five major fallure
modes that regquire a remove-and-replace acticn and that are
detectable at the unit level. These modes, thelr effects, and
relative frequencles of cccurrence are as follows:

mitre | prrees | Melatiie rromuner | camiscius
1 Inoperative 30 . 0 - 29.96
Will not lock on 20 - 30.00 = 49.99
Areaks lock 20 50.00 - 69.99
Drifts 15 70.00 - 84.99
Erratic = 85.00 - 100.0C
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To determine which faults to induce for simulating the 28
remove-and-replace tasks, 28 four-digit numbers are selected from
& random-number tahle. If the number selected is between 0 and
2999, then a fault or malfunction that makes the frequency trachker
inoperative must be induced. A réndom number between 3000 and
4399 would indicate that a fault resulting in inability to lock-
on effect 1s to be eimulated, etc.

Within any failure mode, a choice would then have o be made
conearring the specific means of fault inducement (e.g., which
leaa tc disconnect cr which part to replace with a known faulty
part). If, with respect to the maintenaiicz action, there 18 no
discernible diffepence, the simplest meanz can be used. If, how-
ever, the fault sslection can affect maintcnance time (e.g., dis-
connecting oue leod m.y cause secondary symptoms, while discon-
necting another will nct), then, again, a random-selection cri-
terion 1s advisable.

To minimize the biasing problems e to task reheersals
and the occasional problem of not be_.. able physically to in-
duce the required fault, it is prudent to select & much larger
iumber of possible Tasks than required. For example, if the
required sample slze is 60, a total of 120 tasks may be selected
initielly &nd procedures for fault inducement ¢steblished. W -~
the test 18 actually run, half of these prepared tasks are thean
selected for actual observatirn.

6.4.2.4 Stretification and Task Selection Based on the
Symptom Matrix

Another approach to developing strata and selecting tasks
1 to use the symptom-matrix formulation presented in Volume I
of this study. The symptom matrix of concern here 1s one that
relates unit malfunctions, assoclated symptoms, and occurrence
probabillities.

If symptoms are considered rether than maintenance tasks
only, recognition is given tc the fact that for meany equipments,
etpecially those with easily replaceable units, a lsrge portion
of the correctlve malntenance action involves faul location;

; . therefore, the use of symptom Informavion rather than task in-
; rormetion might be & better basis for stratification.

The stratification can be accomplished in one of three basiae

27

ways:
h : (1) Stratify by symptoms, and somple unit malfunctions
within symptcms
- (2) Stratify by units, and sample symptoms within unit
/ malfunctions
115
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(3) Stratify by symptom/unit malfunction combinations

To illustrate these three approaches, the symptom matrix
developed for the APN-147 Doppler Radar Set monitored in this

study 1s shown in Table XXIV.® The entries in the cell repres-

enting the 1th unit and the Jth symptom are described es follows: ) :
|
Jth symptom
A
13 P(U,l8,)
158 ynag i)

P(SJlUi) P(Uisj)

where

, ) - th
xij = the fallure rate of eiements in the 1 unit

whose malfunction will resulc in the Jth symptom

occur given the 1th unit malfunctions

1
E(S,1U;) = the probabllity thet the 3*P symptom will
P(U;1S,) = the probabllity that the 1°® unic has mal-

th -
functioned given the j~°° svmptom appears 1
P(UiSJ) = the probability of the joint occurrence of - Wi

an 1th unit malfunction and Jth symptom

One difficulty irn using this approach is to develop the
kij estimates slnce this requires fairly detailed analysis of’

the system design. Volume I presents a discussion of this es--
timating process.

The following relaticnships exist under the assumption that
concurrent fallures do not occur:

A A )

: _ 1 _ 1
B(5,00,) =~ =2 - 'Xﬁl
1k 1

8nly major units are shown. Such items as mounting trays and

cabling, which cen and do sometimes cause fajlure, are nct in-
cluded 1n tnhe example,
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B(Uil SJ) --ﬁi}l = ;‘1;1

h J
My My
P{U,S,) =
R
hk
A A
(R ) = ]
J 2ZA 7?
hk
z?\,_k }‘U
Pl b= o = ni
hie hk Ju
where
%U = the fallure rate of the 1th unit
i
AS = the fallure rate of all ltems whose malfunction
J

wlll produce the Jth symptom

XT = the total equipment fallure rate

For slmpllcity, assume that n = 100 maintenance actions
are to be 1nduced by stratified sampling. Under the three
methods, the sampling described below would take place.®

(1) Symptom Stratification. The number of tasks in which
the jth symptom 18 1induced 1a P(Sj)en. Herice the task
sample sizes by symptom are as follows:

Symptom Sample Size Symptom Sample Size
1 8 1 and 4 76
2 h i, 4, and 7 0
4 6 2 and 5 o
7 2 3 and A 2

SFor simple —andom sampling. the procedure is snalagous to
thgt discussed for maintermnce-task stratiricaticn.
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Within each symptom, relfuictions are introduced ran-
domlf into the units according to the probabilities
. P(U1 SJ). Thus for generating symptom S,, there shouid

be a 0.63 prebability of inducing the symptom-generat-
ing fault in the frequency tracker, & 0.20 probability
for inducing it in the antenna, a 0.03 probability ror
incducing it in the indicator, and a 0.12 prchbability
for Induzing it in the control unit.

Undlt Stratification. The number of tasks in which
th

the 1 unit 1is induced is P(Ui)~n. Hence, the task

sample sizes by unit-fallure inducements are as
follows:

Unit

RT
FI
AS
ID

Sample Size

22
63
10

il

" K domly according to the probabilities P(Sllﬂi).

C L

Within each unit, malfunctions are introduced ::an-
Thus

for the antenna there should be 2 0.17 p}obability of
inducing a fault that will generate Sl’ a 0.33 proba-

bility for 32, and a 0.50 probadb. ity for the Sl and
54 symptom comblnatvion.
(3) Symptom/Unit Malliunctlon Stratification. .For this
cdse, =8ch unigue sympLom/unit meliunctlon comuwl. -

tion represents & stratwun. All the strata are thus
combinations with uon-zero entrics for P(UiSJA, and

Thus 22 samples are

to be selected with symptcms 1 art 4 with an Ry mal-
fjunction, & samples 21e to be selected with symptom 1
with a malfunction i the freguency traker, etc.

the samplae sizes are P(DiSJ)'n.

The choice between the three basic approacncs descrited
above depends on the expected comparstive represeatativeness
and on sampling «uifficulties. The third method 13 probably
leas* vrectical since 1t will generasnly entail too fine a break-
down, requiring regroupirg of <ome combinevions. Method 2 i3
protably preferable to Mevhod 1 because Method 1 mdayv rigc2 Loo
much emzhasis on the syapta, aspects of maintenanc




ifethod 2 is actually ithe same .nitlal approach as the tesk-
sanpiing procedure described earl.er. The diffevence s that
E for this method the actual Taultc to be Introduced within a unit
; are gcveraned by svriptom ocecurrence rather than fallure occurrence.

The symptom apprnach can be recommended over the task-
sampling approach in the following circumstances:

WG

Fault locaticn and, to a lesser extent, checkout time
arc expected to accounc fcr the most significant por-
tion of the corrective malntenance action.

- The necessary information and resourceg (personnel, time,
i monzy) for developing the symptom matrix are available.

.~

~
-
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STATISTICAL MAINTAINABILITY-DEMCISTPATION PLANS

7.1 GENERAL

Thls sectlon reviews the malntalnablllty-demonstration test
methods nf MIL-STD-471 and then presents a number of cther tests
applicable to maintainability demonstration. Zach of the plans 1
through 4 of MIL-3TD-471, which are the most frequently applied

procedures, has one or more analogs 1in the set of alternative
plans presented herein,

Four different categories of alternatives are presented:

(1) Fixed-samplc-size tests, lognormal distribution
(2) Sequential tests, lognormal distribution

(3) Nonparametric tests

(4) Bayeslan tests

For convenlence, the followlng standardized format 1s used
to descrlbe the alternative plans for the non-Bayeslan tests:

. General Descriptlion of Test
. Underlying Assumptions

. Hypothesis

+ Sample Slze

. Declsion Procedure

. Discussion

Guidelines for selecting among the alternatives are also
presented.

7.2 MIL-STD-471 PLANS
T.2.1 General

The six test methcods of MIL-STD-471i are reviewed in this
subsection. These test methods include situations covering various
types of malntainabllity specifications, test procedures, and
underlying assumptlons. Table XXV summarilzes the various forms of
malntainablility parameters that are tested by flive of the six
MIL-STD test methods under consideration. Test method 5 is not
actually a decision test but an approach to estimating the per-
centage of maintenance tasks between the observed sample extremes;
therefore, 1t 1s not listed in the table, but 1t 1ls reviewed.

121
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TABLE XXV

SUMMARY OF MTL-STD-471 SFECIFIED PARAMETERS

4 | 1
MZiigd Mot Mpt K “ax ct Max pt Moy Mot
1 X X
2 X X X X
3 B
4 X X X X
6 X X

Mct = Mean correctlive~-maintenance downtime

pt = Mean preventive-maintenance downtlme

M = Mean main%enance downtime consisting of cor-
rective and preventive in the same time period

_ _th
Mmax ot =P percentlle of corrective-malntenance down-
time
M = pth percentile of preventive-maintenance down-
max Pt {ime
ﬁét = Medlan corrective-maintenance downtime
ﬁbt = Median preventive-maintenance downtime

The six methods are reviewed below with respect to type of

test, conditions of use, sample sizes, and accept/reject criteria.

The reader is acvised to consult the standard for the detailed
test procecures.

7 2 Test Methed 1

ggge of Test. Two sequentlal tests are performed -- one for
Mét and one for nax ot Both tegts must be passed for an accept
decision. The producer's and consumer's risks are held to a maxi-

mum of 16 percent.

Conditions of Use. ﬁ‘ct and M_ .. must both be specified.

A lognormal distribution of corrective-maintenance times 1s
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assumed, although 1t is clalmed that test risks are only slightly
changed 1f the actual distribution is exponential or normal. The
specified Mﬁ+ must be greater than 10 mirutes and less than 10C

1 ] N =
minutes, and the ratio Mmax ct’Mct mast be less than 5. M

max Ft
can be elther the 90th or 95th percentlle.

!

Sample Slze. The seguential tests are truncated at 100
malntenance actlons. Fewer than that number wlll generally be
requlred before a declsicn 1s reached.

Accept/Reject Criteria. The number of maintenance times less

than and greater than the specifiled Mct and Mmax & are recorded

and compared with tabulated values of the accept and reject num-
bers for the twe sequentlal cests. A declslon rule for cases 1n
which no decislion nas been made after 100 observed actions 1is
also provlided.

Discussion. The Standard calls for stratified sampnling.
which ™ may seérlously affect the risks of the sequentisal plan un-
less the order of the sampling 1s strictly random. It 1s empha-
slzed that the specified maintainability requirements (M’ and
Mmax ct) arc the unacceptable levels -- that 1is, equipmen* which
exactly meets these levels will have a low probability of passing
the test. It 1s also emph&sized that the procedure is based on
converting the mean and percentile specifications to equivalent
czecifications of binomial parameters, leading to the use of
sequential tests when the binomial distribution applies.

7.2.3 Test Method 2

Type oi Test. Fixed-sample test empl ing the central-limit
n,

taeorem for sample statistics of M pt’ and Mmax R Only

consumer's risks are consldered; the value of B is contractually
determined.

Conditions of Use. To demonstrate M max ot’ 2 lognormal

repair-time distrlbution must be assumed. When both preventive-
and corrective-mainteriance indexes are specified, the proportion
of each type of meintenance during a representative operational

period must ke estimated.

Sanple Size. A mirimum of 50 corrective-maintenance tasks
and 50 prevantive.-maintenance tasks (if W ¢ 18 specified) must be
observed. p

Accept/Reject Criteria. Equations are given for estimating
Mgt’ and Mmax ot Accept/reject values for each of these

M

et’
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trgdices ars e cgfise s T e tormulas presented. They are

g Suanctd T tr2 sampis 2l2es, Lns specified £ risks, and, for

Wons ot » value of the ot” percentile of interest. If the

egtim:tec a2 M. .M ang M are less than the correzpond-
: ct’ ptt M * Ymax et ¢ pond

ing critizal values, the cquipment passes the test.

Discussion. Notice 1 to MIL-STO-471, dated 9 April 1968,
corrected an erroneous statement that the risk probabillity was |

9 1
related to the producer's risk, The test for Mmax ot simply

compares the estimated Mmax ot to that specified; therefore, the

risk for this portion of the test is not as stated in the standard
but i3 approximately 50 percent. 1

7.2.4 Test Method B

Type of Test. Fixed-sample test, assuming a lognormal dis- {
tribution of repair times.

vonditions of Use. The specified value of ﬁét’ say ﬁo- the

median corrective-maintenance time, is calculated from an equation
given in the standard based on an aﬁgumed standard deviation of i

0.55 and a known value of H;t, say M, for which only a 5-percent X

acceptance probability (P risk) i1s desired. The accept/reject
criterion 1s bas2d on a producer's risk of 5 percent.

Sample Size. A sample size of 20 maintenance actions is
required. '

Accegté?eiect Criteria. Equstlcns are presented for obtain-
ing the statis®ics necessary tc test for acceptable median repair
times. The standard "t" test equation (using logarithms of repair
time} is given to ensure that there is a 95-percent chance of

accepting equipments with _— Mo ani only a 5-percent chance of

gccepting equipments with M, = ﬁl'

Discussion. The description and nctation of the test method
in the standard can be somewhat confusing. Actually, the basic
requirement that is assumed to exist is the unacceptable value of
the median, which 1s denoted by ERThax' This value corresponds

to a P risk of 5 percent (the 3tandard erroneously states 10 pewr-
cent). The sample size of 20 is fixed and, assuming J (log-base
10) = 0.55, the value of the median that corresponds io a 5-
percent producer's risk (denoted by ERTsppc in the standard) 1s

given by the equation ERTspec = 0.37 ERTmax' It 1s emphasizea
that ER’I‘8 o is completely determined by the sample size of 20,

pe
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the assumed ¢, and the known ERT e and 1s not based on prior

conslaeration of ‘system or legistic requirements. Therefore, it

i1s misleading to ascribe the word "specified" to ERT, Spee” The

better way to evaluate test applicabllity is the ERT specifi-
catlon and corresponding B risk.

7.2.5 Test Method 4

Type of Test. Nonparametric test for proportion to demon-

strate achlevenent cf specified M ot OT Mpt and Mmax ot OF M ax pt°

Londitlons of Use. No underlying distribution of maintenance
- timer 1s assumed. Both a median and maximum time must be gpeci-
fied. Test criterla are given separately for the median (ﬂ3 and
for the 95th percentile (M ). The individual median and M

tests are made at elther the 75-percent or 90-percent confidence
level.

Sample Size. The sample size 1s 50 each for correciive or
preventlive maintenance tasks.

Accept/Reject Criteria. For beoth the median and Mmax test.,

critical values are provided for the number of maintenance actions
greater than specified values for a sample size of 50 and for the
T5-percent and 90-percent confidence levels. #An accept decision
i3 made only 1if both the median and Mmax tests are pesgsed.

Discussion. The individual median and M .. tests are equiva-

lent to tests on a binomial parameter. It is important to note
that the specified rarameters represent unacceptable maintain-
ability levels; e.g., the 90-percent-confidence-level teat of ﬁ

U

is such that 1f the median corrective-maintenance tlme is equal

to tnat gpecified, there 1s cnly a 1C-percent chance of passing
the test. Thus this test 1s based on specified B risks (l-con-
fidence level) corresp%gding to the specified maintainability
level for median or 95" percentile. The Beta risk corresponding
to an equipment accept decision (both individual tests ares passed)
is approximately 1.5 percent for th: 90-percent-confidence-level
tests and 9 percent for the 7S-percent-confidence-level tests.

7.2.6 Test Method 5

Type o1 Test. A nonpara.etric procedure for obtalning a
confidence-interval estimate of tue proportion of maintenance-
task times in the population thet will dbe included between the
obgerved sample extremes. Tolerance interval is the usval termi-
nology for such an estimate,

125




Cond.tions of Use. No underlying dlstcibutlon or maintenance
times 1s assumed.

Sample Size. MIL-STD-471 presents the required sample size
for thrce confidence levels (S0, 95. and 99) and three population
percentages (90, 95, and 99). For <ample, the standard shows
that a sample size of 47 is requii 0 be 95-percent contf'ident
tkat 90 vercent of the population' malntenance-tack times will
be contained within the observed sample extremes.

Accert/Reject Criteria. No such criteria exist for this
test. Tae test results provide a measure of spread, and this
measure may be used to determine acceptability.

Dlscussion. Since this procedure 1s basically one of esti-
mation and since 1t 13 not geared to a particular demonstration
requirement, 1t shculd be used more for informative purposes than
for decisicn purposes.

7.2.7 Test Method 6

Type of Test. Nonstatistical-type test. Sample statistics
are compared wlth the specifled vzalues.

N

Conditions of Use. Values of Mbt or M .o pt? OF both, must

be specified. The percentlle point defining the latter may be any
value. The frejuency of occurrence fcr each type of preventive-
maintenance task must be estimated.

Sample Size. Not specified. All prevantive-maintenanece
tasks are to be performed.

Accept/Reject Criteria. An average value for ﬁbt is esti-

mated from the data on the basis of actual mal.tenance times
welghted by frequency of occurrence., This value i1s then ccmpared
with {h2 specified ot to determine acceptance or relection. To

teat for Mmax pt,_the obgerved preventive-malntenance times are
ordered. The observed pth percentile time 1s compared with the

specified Mmax pt to determine conformance.

Discussion. This method provides no risk control for either
producer or consumer and 1s therefore limited in its application.
Such & procedure 1s better suited to obtalning information then
to decision-making.
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7.3 ALTERNATIVE NON-BAYESIAN TESTS

7.3.1 General

This subsentlon is devoted to the presentation of various
alternatlive tescs whicn, to varying degrees, parallel the MIL-
STD-/:71 plans but offer greater flexibllity in risk assignnent,
test parameters, hypotheses, and form of testing. Discucsion of
Bayesian tests 1s deferred until Subsection 7.). The tests pre-
sented are standard statistical tests or adaptations thereof.
However, little or no experience with thelr application to main-
talnability demonstration has Leen accumulated. They are he-
lieved to be practical for this purpose, hut final judgment
mast awalt more extensive use.

7.3.2 Comments on Sampling Procedure and Sample Size

7.3.2.1 Sampling Procedure

A general comment concernl the type of sampling 1s in
order. All teste (both MIL-STD-4T1 and the aliernative plans)
emloy analytical procedures that are based on the assumption of
simple random sampling. If proportional stratified sampling is
used, large sample sizes and a relatively small number of strata
are required to ensure validity. In most cases, however, the
assumption of simple random sampling is conservative in the sense

. that the semple size based on this assumption 1s larger than would
be required if analytical procedures were based on stratifled
sampling errors. For sequential tests, it 1is recommended that

ol only simple randon sampling be performed.

7.3.2.2 Sample Size

Tests for whikth only a single risk (@ or p) is specified
do not generally have assoclated sample~size requirements. Since
the risk of & wrong decision generally derreases with increasing
semple size, the larger the value of the sample size, the greater
the assurance of & correct decision.

As a very general rule, it would be appropriate to specify
a minimum sample size on the order of 25 to 30 even for cases
10 which a sample-size equation indicates that a lower value
would be acceptable., For very complex systems involving hundreds
of different types of malntenance actions, it will be desirable
to specify a larger sampie size to provide reasonable assurance
of representativeness.

7.35.3 Lognormal Distribution

Since the lognormal distribution has often been an adequate
representation of various repalr-type distriobutions, many cf the
test procedures are based on a lognormal-distributieon assumption
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concerning the malntenance characterlstic of interest. The
reader 1s advised to review the characteristics of the lognormal
distributlon presented 1In Appendix A,

7.3.4 Notation

The following notation 1s used:

X = the naintenance-characceristlc random variable
L = E(X), the mean value of X

Xp = the (1-p)t" percertile of X

M = XO.SO’ the median of X

0@ = E(X-1)2, the variance of X

& = E(£nX), the mean value of 4nX
g = E(BnX-G)Z, the variance of 4nX

p = the standardized normal deviate exceeded with proba-
(3]

o
1 -z“/2
bility p, i.e.,Jf e
Zp Jen

Gz = p

For the lognormal distribution, the density is

1 2
- InX - 6
L " ( )

where 6 = E{4n X] and 02 = variance [4n(X)]

Then for the lognormal distribution,

A
e ee + 0 72

xp _ ee + Z?c d2 e29 + 0

T.3.5 Prior Estimstion of 02

Several of the tests (1, 2, 3, 7, and the Bayesian test) re-
quire that an estimate of 0< be used for determining specified
values, evaluating the sample size, or developing the decision
criterion. To ald in obtaining such estimates, the corrective-
muintenance data collected for this study were analyzed.
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Table XVI presevts the cobservad 6% values for the nastural
logarithm of active-corrective-maintenance time (qunART) and
majnterance man-hours per active correctlve malntenance ~ction
(0%gprmy). Time spent on admirliscrative or logistic activities
1s no® 1ncluded since these time elemente would not nciwa.ly be
consldered In a malntalnablllty demonstraclon. Variances are
shown for two cases: no-trouble-found actions inciuded, ani no-
troubie-found actlons excluded. The latter i3 gererally more
pertinent for demonstrztion in vhich faultz are to be 1rduced,
whlle the former may be rore applicable for natural-fallurc tests.

The sample sizes from which the varlances wers calculated
are shown so that a weigh'’ed average of several varlance values
can oe used if 1t is deter~mined tnat such an average would %. resc
for estimating the variance of the equiprznt under consideration. t?

In aadition, multiple-linear-regression analysis was <m-
ployed to develop prcdicilon equations cof the form

,\2 »
g = bo + blkl + b2X2 ENELE brXr
where
62 15 the predicted value of o (the dependent variable)
% 1s the 1 th prediction parameter (independent variable)

bo’bi""’bf are computed régressiop coefficients

The least-squiares method was applicd through a computerized
procedure to obta n the regression coefflclents, as well as other
regression and correlation measurz:s such as the standard error of
estimate, simple, partial, and multiple correlation coefflclente,
and t and F statistlcs for significance tests.

Signit'lcance tests were used to determlne the statistical
significance of each parameter at the nominal 20-percent signi-
ficance level, For efficlency, a step-wlse procedure was used.

10Tn MIL-STP-471, Test Method 3, a value of 9y = 0.55 is re-
Cgq X

commended for use. On converting to base-10 logarithms, the
average standard deviation of the «1l equipments in Table X¥VI for
no-trouble-found actions included is approximately 0.38. Since
the value in the Standard war developed from data obtained a
number of years ago, if the two es.imates are renrcsentative of
the same populationg, a desirable trend towards reduced variation
is evident. It can be conjectured that this variance reduction
is due in part to greater emphasis on maintainability, leading to
such features as automatlic test cquipment, computerized trouble-
shootingz, and modular or unit replacement.
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3 TABLE XXVI
! OBS. ~VED VARIANCES — AIR FORCE AVIONIC
1 AND GROUND EQUIPMENT
| No-Trouble-Found Actions No-Trouble-Found Actions
Included Excluded
bk Number of 2 42 Number of | 2 z
= Observations inART | “4nMH | Obeervations | LnART | O frME
Avionic Equipment
APQ-110-Terrain Radar 2: 0.584 [ 0.69) 16 0.629 0.681
; APN-16T-Padar Altimeter 5 0.588 | 1.388 <5 - --
1 AJQ-20-Inercial Bomb Nav. 42 0.373 | 0.590 22 0.233 0.365
APQ-il3-Fine Control Radar 16 0.814 |} 0.808 8 1.593 1,435
3 ARC-109 UHF Transceiver 11 0.430 | 0.562 10 0.k17 0.546
APS-109 Radar Homing and 5 0.810 1.02 <5 -- --
1 Warning
. APN 59 Search Radar e 1.100 | 1.680 35 1.03% | 1.598
iB APN-147 Doppler Redar 6 0.956 | 1.484 <5 - -
‘ ASN-35 Doppler Computer 9 0.283 | 0.528 6 0.197 0.378
ARN-21 TACAN 33 0.739 |0.986 27 0.567 0.732
APN-157 LORAN 18 0.165 | 0.237 14 0.208 0.228
ASN-24 Navigation Computer 14 0.885 11.147 10 5.8 1,053
ADF-T3 Automatic Direction 9 0.699 | 0.574 6 . 0.594 | 0.594
Finder ’
ARC-90 UHF Communications .5 0.995 :1.197 o) - --
Ground Zguipment
OYK-4 Data 2rocessur 12 1.378 | 2.091 10 1.073 1.54
332-51 Display Consoles 24 1.188 | 1.638 24 1.188 1,64
0SH-12 Recorder/Raproducer 11 i1 1.259 | 1.585 11 1.259 ).55
asQ-72 Punch Card System T 0.521 | o0.412 7 0.521 0.412
PPS-2T7 Transmitter 43 0.996 |1.426 42 0.984 1.376
FPS-27 Recelver 24 0.656 |1.184% 23 0.645 1.094
¥PS-2T B2CH 9 0.505 }9.602 B 0.346 0.601
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This procedure®? selects th2 most significant of the independent
variables, as measured by the simple-correlation coefficlents,
and then determines 1f the addition to the overall correlation of
the most likely remaining candidate (determined by analyzing
semipartial correlation coefficients) 1s significant. If there.
is a significant candidate, it is included, anG the process is
repeated until none of the remaining variables can add signifi-
cantly to the multiple-correlation coefficient.

Because the dependent variable 02 is an average value based
on samples of incdividual repair times, it 1z reasongbie to weight
each cbserved value of & in proporticn to the sample size.
Rigorous welghting would involve consideration of the variance
of & varlance estimate to achieve required homoscedasticity for
significance tests (assuming that necessary distributional as-
sumptions are satisfied).

For practical purposss, however, weighting was done simply
by the square root of the number of sample observationa for ocach
equipmenc, since this tends to prevent disproportionate weighting
and past experience using this approach with reliahility- and
maintainability-prediction-by-function analysis has proven favor-
able.

More than 20 possible prediction parameters were evaluated.
included were various information-tleory parsmeters, design and
complexity parsmeters, and maintenance design and concept psram-
eters, It was declded to eliminate from consideration any cal-
culated regression equation that did not have logical justifica-
tion. This primarily involved checking the sign of the computed
regression coefficiznt, For example, it would seem logical that
a parameter highly positively correlated with complexity should
have a positive coefficient, indicating t -4 us the parameter
value increases, so doez the varlance of repair time.

The presence of “"wrong" signs does not invalidate an equation,
because such a result may be due to complex interactions among the
selected parameters. However, past experience has shown that pre-
dictions based on sunrh equations are considered by some as being
of doubtful value. Since the results cbtained in this analysis
with "good" signs were favorable, the question became somewhat .
acedemic.

Three equations were developed:

L. Equations for the variance of the nmatural logarithm of
active corective-maintenance time -~ no-trouble-found
ections excluded (aee note in Tahle XXVIII for including
sash actions,

11The ARINC Research regroalion program uses the Square Root
Method descrided in "A S Root Method or Selecting & Mini-

mn Set of Variables in Multliple Reirosuion ,» Psychometrila,
Vol, 16, No. 3, A. Surmerfield and Lubin, s:%%mm
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(1) Prediction inputs -- basic design and maintenance
parameters. Sample size = 21 equipments (290
maintenance actions).

(2) Prediction inputs -- basic design and maintenance
parameters plus symptom-matrix parameters. Sample
size = 13 equipments (176 maintenance actions).

B. Equation for the variance of- the natural logarithms of
active corrective maintenance manhours -- no-trouble-
found actions excluded (see note in Table XXVIII for
including such actions).

Prediction inputs -- basic design and maintenance
parametera. Sample size = 21 equipments (290
maintenance actions).

The difference between A(1l) and A(2) 1s that the latter re-
quires development of a symptom matrix from which the efficiency
of information transmission, ET, can be obtained. Information
was available to compute ET values for only 13 of the 21 systems.
Equation A(l) does not include symptom-matrix parameters.

For application to corrective-maintenance time, egquatis-n
A(2) will generally provide more precise results, but quantifi-
cation of the ET parameter is somewhat laborious. If a symptom
matrix has not been developed for predicting fault-losation time
as prescribed by the procedure presented in Volumel, A(1l) may be
preferred in terms of the effort involved.

The prediction parameters involved in the three equations
are summarized and quantified in Table XXVII. Table XXVIII pre-
sents the three prediction equations and necessary parameter
constraints to aveld invalld application. The 1list of sampie
equlpments presented in Table XXVI should also be examined to
determine the applicability of thc sample equinments to the

equipments under consideration. The actual regression runs are
dupllcated in Appendix B.

Various regression and correlation statistics gertaining to
the three equations are summarized in Table XXIX. Re, the multiple
corr2lation coefficient squered, is a measure of the total varis-
tion in the observed variance values that can be explained by the
variation in the prediction parameters. Since the calculated F
values exceed the corresponding critical F values, these Rz values
are statistically significant at the 9.05 level. The standard
error of estimate, s, is the standard deviation of the observed
(saimple) values from the regression p une. As described below,

8 is used for confidence-interval prediction.
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TABLE XXVII
PREDICTION-PARAMETER QUANTIFICATION

Symbol| Description Equation Quantification
BT |Efficiency of Information A(2) See Volume 1, Section 2
lransmlssion - A measure
[2) e amount of informa-
tion presented by failure
symptoms
MC | Maintenance Compliexit A(2) See note below
PRstor— X CReeRITsE Score
representing the relative
amount of effort and time
required ror the preparation
and fault-location actlvitieﬂ
RP |Relative Power Consumption: Ail} 1 - Low
The steady-state power, in A2 (0 to 250 matte)
wetts, consumed by the B
equipment in its moet power- 2 - Medium
conruming mode of operation (250 watis to 5 kllowatis)
{over 5"
over 5 kilowatts)
SD |Signal-Data Handling - The A1) Use sum of following appli-
¥pe of clrcultry used to B cable weights:
process & signal Analog {Siml) -1
Analog (Computing) - 2
Digital -2
TC |Test Conzept - The equip- A1) Automatic Self Test -1
ment-testing phiicsophy for B Semi-Automatic Seif Test - 2
on-line maintenance Externsl Teat Set -
Standard Test Provisione -
(Use average if more than
one category applies)
NOTE: To obtain the value of MC, applicable test characturistics from the

following 11at are checked, and the checked scores or weights (shown

in parenthesas) are totaled.

None (1

One equipment (4
Two equipments (
Three equipments {6)

Maintenance-Manuai Requirements
None (1)
One manusi {4
Two or more manusls (5)

Tool Requirements
fone 1& )
Standard tool kit (2)
Special tocls (3)
Both standard and specisl tools (4)

Test-Equiiment Requirements

Special-Handling-Equipament Kequirements

Fone (2

. Warm-Up

Access for Preparation
No need for preparstory action (1)
> Removal of pinel or plate (3)

Sympton Indications
Obvious symptoms present (1
Some indicstions rresent
¥o cleer failure indicationc (§)
Requireran’s
Rene (1
Two to Tive minutes' wurm-wp (3)
Nore than five mimutra' werm-up {6)

le-Doxn Requirements
None (1

Two :fmnﬂnmtu; cg'ru;e-dm {3)
More es
cyclc-dwa’?& s

:quip:m)at requized (3)
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TABLE XXVIIX
VARIANCE PREDICTION EQUATIUNS*

Equation A(1l): 321nART = -0.800 + 0.385(RP) + 0.221(SD) + 0.117('IC)

Constraints: 4 ® RP + SD + TC ¥ 10
Equation A(2): 82

A

InART = 0-036 + 0.225(RP) + 0.023(MC) - 0.TB5(ET)
Constraints: 12 = MC = 30
T 0.7 s ET s 0.70

Equation B: &%, .. = -0.711 + 0.501(RP) + 0.170(sD) + 0.133(TC)

Constrainta: 4 ¥ RP + 8D + TC £ 10

*Equations apply for predicting the variangce when no-troubls-
found actions are excluded. To predict oc¢ when no-trouble-
found {NTF) actions are included, the following average
relationship derived from the data in Table XXVI can be used:

~2 ~2
ONTF-IN = (1'105)°N'1'F-OU‘1‘

TABLE XXIX
SUMMARY OF REGRESSION STATISTICS
v e [T v | o [l [Py [ottond
A1) | o® me | 22 lo.81{0.65 0.256 10.65 3.20
a(2) | °® 4pe | 23 lo.85f0.72 0.210 7.82 3.86
B 0%y i 21 |o0.80 | 0.64 0.301 10.15 3.20

et
R
=




To obtuin a confidence-interval prediction, the equations for
tne confideince 1imits are as foliows:

2 A2
™o - k
2 A2
Uu‘c + k
where
8° 15 the predicted value of ¢® obtalned from the regression
equation

°2L and OEU are lower and upper confidence limits, respecti-
vely, for the variance

K=t !‘.4. c 2+2 c
= “(a/2,4) \m / 11 X4 1] xixj)

J=1+1
where
m = number of observations used in the regression
analysis
) r = number of independent variables (prediction para-
meters in the equation)
: t(a/e a) = t statistic for & 100 gl-a)% two-sided confidence
2 interval based on d = (m-r-1) degrees of freedom

(use t(u a) for a on2-sided intervai)
i

g = gtandard error of estimate
Ciq = computed Gauss multiplier

X, = deviation (Ki-XL) where X, 1s the value for the g th

independent variable in the prediction equation ﬁnd
Xi 18 the mran of the observed values for the it

paramster in the sumple data used for the regreasion
anslysis

Table XXX presents the infcrmation necessary for computing k.
Prediction of confidence limits might be depirable for in~

vestigntive poses, For example, a two-sided interval provides
- 8 ranga for o< that would provide informetion on minimum &and mexzi-
mum axpecte. cample sizes for a partioulsr demonstration test under
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TABLE 100X
FACTORS FOR CONFIDENCE-INTERVAL PREDICTION
t( ) Independent X’ i
Dependent .05,d4 Varisbie uss
Equation | “vartable | ™ | ¥ (908 Linfts) | ® [Tgroil: | | Multivliers .
2

A(1) yamrr (2113 1.74 0.2559 P |1 2.073}c,, =0.1011
Sp |2 |2.130 ¢, = 0.00927

TC |3 | 2.457 | oy5 = 0.01501

¢pp = 0.05615

cpz = 0.01845

033 = 0.1021

M2) | 0%, pr 133]3 1.83 0.2097 | RP |31 |1.951|c,, = 0.3256
x |2 |1.898|c,, = -0.01531

ET |3 |0.402 ¢, = 0.2043
epp = 0.00256
¢oq = -0.01105

cq3 = 0.3231 :

B w1213 1.74 0,315 | RP |1 ,2.071 ey, = 0.1011
sp |2 |2.130 | ¢y, = 0.00927

TC 3 | 2.457 ¢)q = 0.015801

\

¢yp = O. 05615,

cpq = 0.01845

1 cg3 = 0.1021
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conslderation. An upper confidence limit may be computed on 62
and nsed in the demonstration as a conservative practice. In
Section 7.5, specific uses of confidence 1limits on ¢2 are dia-
cussed in connection wi*h developing & prior distribution of 9,
the expected value of ¢nX.

7.3.6 PFixed-Sample-Size Tests, Lognormal Distribution

7.3.6.1 Introduction

The tests presented in this section are those in whish the
sample size 1s specified and the decision criterion is based on &
lognormal assumption for the distribution of X, the maintenance-
time random variable of interest. 1In the interest of generality,
X will nct normally be further identified, but it should be clear
that X can represent either corrective- or preventive-maintenance
time or man-hours, and that parameters such as mean, median, or

percentile refer to the spezific time identification represented
by X.

7.3.6.2 Test Number 1: Test on Mean of Lognormal
vistribution

General Description of Test. A fixed-sample test on the mean
of a Tognormal distribution that is based on the asymptotic nor-
mality of the sample arithmetic mean (central-limit theoram).

Sample sizes of 2C or more should be chosen to approximate the
esymptotic distributlion adequately.

Underlying Assumptions. Maintenance time can be sadequately
described by a lognorma stribution. The sample size is large
enough (say, at least 20) so that the central-limit theoren

provides a good normal approximation to the distribution of  the
sample mean.

gzpotheaes. HO:
Hy: Mean = 1, (By D> pg)

Mean = Ko

Sample Size. PFor & test with pruducer's rcisk a and
consuner's risk B,

(zaﬂo 3 zg“l)z (852

= 1)
\ul - uo)g

n =

where 32 12 a prior extimate of the variance of the logarithms of
maintenance times.

Za and Zﬁ are standardized normal deviates.
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Decision Procedure. Obtain a random sample of n maintenance
timesti, Xz, olea1 y Kn’ and compute the sample arithmetic mean,

L

X =

5hd

and the sample variance

n
2 1 2
=m<z X =

Accept H, 1f X s o + 2,9/

Re Ject Ho otherwise,.

Discussion. This test corresponds to the mean test of Method

2, MIT-STD-T7I, except that it provides a control on both a and B
through proper cholce of the sample-size value.

e TR

Since the mean and variance of X are assuned to be finite,
by the central-limit theorem, the sample airthmetic mean, X, is
approximately normal for large n with mean = E(X), and variance =
V(X). Hence, on the basis that .

2 .2 R
V(x) = a° = €29+ (g7 1) o 2(e% 1), .
the following are true:

2
under Hy: X ~ N(u.o, u.oz(ea -1)/n)

2
under Hy: X ~N(u,, u,2(e% -1)/n)

The distribution of X under the two hypotheses can be represented
by the following diagram:

£(X)
Areg = B Area = a
N\

= 18 J ]
T LE
W © o ~
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It 18 necessary to choose a critical value C (HO rejected 1f
X > C) such that if u = Iy, there is a provabllity of o tlat
X >C, and 4f p = p,, the probability that X & C = B

Thus, under the asymptotic normality of X, n can be determined
from the following two eavatlions:

uo+zaW=c

= Zpfy(x) = ©

or

2 ’ 2
1/2 ’
ho + Zaio(7 -1 VEHE = uy - 2 (67 -1)Y2 /R

which ylelds
) (Zauo + ZBul)E o,2

(e
(ul = uo)z

n -1)

To provide maximum assurance that the o« and f 1isks are being
preserved w«hen a prior estimate 32 1s used in the above eguation,
the upper 1imit of any interval prediction or estimate on ¢2 should
be usacd.

To indlcate the rapid approach to normallty of the gample
mean X, 100 samples each of sizes 10, 20, 30, and !0 were generated
from a lognormal distribution with parameters 8 = 3.75 and g = 0.85,
These values are approximately Che average values observed in the
fleld data obtalned for 21 different Alr Force eguipmerts., For
each sample of size n, X was computed and ine dis:iribution of 10C
guch values was tested by the Kolmogorov-Sriirnov Test. Table XXXI
compares the theoretical and obsevrved valueg of the mean and
standard deviation of the X_ distributions and the Kolmogorov-
Smirncv statistlc, D, of the maximum absolvte deviation between
the cbserved distribution function and the theoretical normal dis-
tribution function.

For 100 samples of Xn, the hypothesis of normality s rejected

at the 10-percent significance level 1f D > 0.122; at the 5-percent
significance level, the critical region i8 D > 7 .13b6. From Table
XIXI none of the samples can be rejected at the v.05 level, but

the n = 20 care would have teen rejected for a = 0,10, Surprising-
ly, the n = 10 cese ylelded the smallest value of D, but this must
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~alternative hypothesis that M = 45 minutes under the lognormal

be interpreted as being due to sampling irregularities since 1t
is known that the approach to normality of any X distribution is
monotonic in the sence that as n lncreases, the observed distri-
bution more closely approaches the theoretical normal.

TABLE XXXI

T. .ORETICAL AND OBSERVED VALUES OF MEANS AND VARIANCES
AND KOLMCGOROV-SMIRNOV STATISTICS FOR NORMALITY TEST

Sample |Theoretical |Observed Thi?retical Oggirved T gbser;edi
Size, nl Mean M=an bis X xtggg’ %V o
10 61.0 62.0 19.9 19.C 0.072
20 61.0 60.3 14.0 12.9 0.131
30 61.0 61.8 11.5 11.1 0.098
4o 61.0 60.2 I g.93 10.0 0.112

oxemple. It is deslired to test the hypothesis that the mean
correctlve-malntenance time is esqual to 30 minutes against the

asasumption. Previous data 1ndicate that c (the variance of £n X)
= C.6. The ¢ and 8 risks are set at 5 percent,

Then: By = 30
1= %

If the sample-size equation 1s used, the following is
obtained:

_ [1.685(30) + 1.645(45)12 (e°+5-1
(45-30)2

= 56

7.3.6.3 Test Number 2: Test o1 Medisn of Lognormal
Distribution

General Descriptlon of Test. An exact fixed-éam;le test on
the medlan of a lognornal distribution that 1s based cn the t dis-
tribution. S8Since the test 1s exact, sample size 1s restricted
only by the a and £ risks. Since the median of a lognormal is

equal to €% tests on I are equivalent to tests on 8.

140




Underlying Assumpticns. Maln'enance times can be =:zgyuatelr
descrlbed by a lognormal distribution.

o

Hypotheses. HO: Medilan MO or 6 = GO = ZQ MO

]

o ’7‘7 = = M
Hl‘ Median M, or 8 81 In M1

Sample Size. The sample-size equation presented below for
glven 3 and P risks 1s derived in Reference 1 (see 1list of re-
Cferences at end of the Secclon).

1 %o
n=1 +-<—-+ > (Round up to next

s
a. c integer.)
where 91 90 s 2
a4 = S " 0~ = prior eatimate of o
02z +2 . P
a’ ~p
Decielon Procedures. Compute
n
f\ 1 e‘ l T { 2_n§2
== L in X, and s=m[Z‘ Jnxi)
= 1-1

Accept H Af 0 s GO + t, -1’ s//_; reject HO ctherwlse, where
th1’ < is the 100 (1- )"n percentile of the t distribution with
(r-1) degrees of freedom,

Discussion. This test correspornds to Test 3 of MIL-STD-471
except that control on both o and B 18 proviced through sroper
choice of n. Sinee M = £6, any hypothesis ou M ylelds an ejuiva-
lent hypotheslis on 9 by the relaticnship 6 = in %’ Since 6 =
Eéﬁn X) and £in X 1s ncrmally distributed with mean € and variance

, the quantity

5 -6
8/ 1n

has the t distribution with (n-1) degrees of freedom.

Thus lognormallty and a median apecification yield the wall
known t teat baszed on a normal dlstributlion. The gample-aize
equations are based cn the approximate normality of s. Detalls
of the nature of the epproximation are glven in Relevence 1,
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7.3.5.4 Test Number 3: Test on Critical Percentile

General Descripticn of Teat. & firxed-sample-size test on
the maintenance time corresponding to a particular percentile
when tne underlying distribucion 18 lognormal. The decision cri-
terion 18 based on the asymptotic normalicty of the maximum-
1ikelihood estimate of a percentile value.

Underlving Assumptions. Maintenance times can be adequatvely
described by & lognocma stribution. Under tbis assumption, 1t
is further assumed that sample size 1s large enough (say greater

than 10) so that the statistic {6 + % _s) 1s approximately normally
distributed. p

4
Hypotheses. I,: (1-p)“? percentile, Xp = T, or

H,: (l-p)th-percentile, X

I
)
o)
Q
e

P

Sample Slze. To meet specified a and P risks, the sample
slze to ve used 18 given by the formla '

2+ Z 2.+ Z\o
. a
n= ""3T1L' e T"":—TE) (Round up to next integer.)
1 0
waere
~2 2
g 18 a prior estimste of ¢

Z_ is the norral deviate corresponding to the (1 - p)t"l
P percentile

Decision Procedure. Cowpute

n

9=‘-—ﬁ n X

i=1

[y 4
4 2

| 1/2
X* = T, + 28 [H+?(£'TT. E- ]
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where

n
32 = n—EI [izl (fn Xi)a - née]

Accept Ho if 9 + Zps a X*,

Reject Ho otherwise,

Discussion. This test corresponds to the test of Hﬁux 5% of

Test ?, MIL-STD-471. As pointed out in Subsection 7.2.3, the
MIL-SuD-471 test has an unspecified risk and its use is thus
quite limited.

The basls for this test 1s as fuvllows: WUnder the lognormel
assunption, the (l-p)th percentile veiue ie given by Xp - 94-zp0.

Taking logarithms gives #n xp =9 + ch; therefore, if maximum-

likelinood estimates are used for the normal %rameters 8 and o,
the maximum-likeiihood estimate of the {1 - pg h percentile 1s

vhere
A

&
1
N-
Ag shown in reference 2, p. 58, ip is approximately normal unless

n is quite sm.ll (say, under 5), with mean and va-lance given as
follows:

~

S

8 =
52 u in xi)2 - nﬁa]

1 [~

in Xi
(
3

E(xp) = E[8 + Zps] =@+ Zpa - xp

* e

Var(ip) - Var[§ + Zpe] = 0'2 !-% + m-ﬁ:n-]
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To meet the producer's and consumerfs risk requirements, a
critical value X* has to be chosen for the sample estimate of the

(1-p)th percentile, X,» such that

PIX. > XX =T7] =a anc
p” p | orsgd e
P [xp> x*lx =m] =1-8

Decause of the approximate normality of i s X* must satisfy the

equation P
x* -7 T
i Xp = Za or X* = TO + Za vVar Xp

anid, similarly,

* -7 -
-————_—=-=Z orX*=T1~Z Jvar X
),p P P

Equating the right-hand sides of the above two equations and sub-

stltuting for Var i (using n rather than n-1 in the second term)
yields the sample- 314e equatlon

n=(2+Z )da(Z +Z>

Example. Assume that the following two hrpotheses are to be
tested with a = B = 0.10:

HO: XO.OS = 1.5
H

1* Xo.05 = 2:0

2 1s estimated to be 1.

Assume that ©

1h4




= 62

and the critical value is

2 A
Z 1,2
X* = Ty + an [% + ?T%hi}}
- V2 11/2
- 1.5 + 1,288 [ + (1:885)° |
= 1.5 + 0.2508

7.3.6.5 Test Number 4: Test on Critical Maintenance Time

General Description of Test. A fixed-semple-size test on the
probabI1ITy that & malntensnce action will be complated before &
specified time interval. This type of test iz applicablie when
direct control on availability or turnaround time is important.
For example, 1f operational reguirementas dictate that an aircraft
be evzilable within 30 minutez aftsr an initiai sleri, the prob-
abllity of completing any necessary equipment repairs within that
timc period should be high.

Underlying Assumpticns. Maintenance times can be adequately
described by & lognorma stribution. With the lognormality
assumption, it is further assumed that the statistic (8§ + Z_s) is
appreximately normally distributed. p

Hypotheses. Ho: P[X 5T] = PyorTe Xpo

Hy: PX>Tl=p; orT= xpl, (py > pg)
where T is a specified time and

X, 1s the (1-p, )™ percentile, 1 = ¢ or 2
1

Note that this test and the preceding test have ihe same null
hypothesis Hb but differ in Hl since test number 3 keeps the per-

centlile value, xp, constant and varies the time, T, while this
test keeps T conatant and varies xp.
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S:qgle Size. To mest specified a and B risk requirements,
the sample size is determined from the equation

(k? % 2)<' ) (Round up to nﬁxt integer.)

where
Z2Z +22
a Py B Po

kK = ——y
i, + Zﬂ

and the Z's represent standardized normal deviates.
. Declslion Procedure. Compute

RS
=% , inX
n féi 1

2.l [i (4nx,)? - ] |

i=1

zazpl + zazpo
k = TaF 25

Accept Hy if 6+ ks & T.
Reject Hb vtherwise. : \

X

Discussion. Thia test is an epplication of the well known
plans for acceptance sampling by veriables where the quality eri- >
terion is based on percent defective. A discuession of this test .
and derivation of the equations for k and i are given in Reference
3, pp. 303-311.

le. It is desired that 95 percent of all repairs be
complete thin 1.5 hours. An equipnent for which only 8% per-
cent of repairs are completed in less than 1.5 hours is oorsidered
unaceeptable. A test 1s to be conducted with ¢ = B = 0.10.

The hypotheses are:

0 0.05 ’




: Then )

: ' 20,10%0.15 * %0.10%.05 _ (1.28)(1.04) + E-l 28) (1.645) :
3 k - . ° & G o . e 3 5o . ; - 1.3&_
B 0.10 T %0.10 ' .30

3 and

| | n-((l'i"%?'*a)( . 2:‘5%,_)2
: - 34 :

?
: .
E Thus 34 ohservations are sampled and the requirement is Gemofi-
£t strateqa 1r : ' '

§+ks =8 +1.385 1.5

7.3.6.6 Test Number 5: Teet on Joint 8 ec\i.fic&t'iom of
% Togrnorael Paramecers o A

: (General Description of Test. A {ixed-sample-siuc test of

{ any orie of verious poesible pairs of lognormml paremeters such
i as the mean und percentile. Table XXAXII presents the equations
for converting the values of the ‘t:g parameters specified to an
b equivalent specification on 6 and o=, the mean and variance of
i kX, a8 normally distributed random variable. Since the form of
1 . the critical region depe.ds on the relationship between the mull

and alternatige parameter values, the reasonable restriction

that 91° > 0y° was mede to simplify the presentation.

Assumptions. The distritutlon of maintenance times can be
descrlbed adequately by a lognormal distribdution.

%otheses. The null and alternative hypotheces may specify
values for any of the following pairs of parameters:

T

Mean - Variance; Mean - Percentile; Median - Percentile;

p,*® Percentile ~ P,"" Percentile; Mean - Medien

Table XXXXII precents the equations for converting hypothe-
8ized values 05 any of the above pairs to &n equivalent hypotche-
8is cn 6 and 0. The general set of hypotheses 1g then as

follows:
. Ho: 8=90, 02=002

'S < 2 2 2 2
3 H].: é =_el’ g = 01 > (Ol >0’0 )

7




TABLE X(XII -

- RELATTONSHTP BETWEEN © AND 0> TO PAIRS OF
SFEC. D LOGNORMAL PARAMETERS

; Specified Equivalent Specification
Lognormal Parameters on Normal Parameters
Moan = | 6 = lnu? -%ln(d2 + H?)
2 2 W+ a> ]
Variance = g ‘= zn[——?——
m 4
Mean = It ' e = fnp - a°/2
pth Percentile = X © = [Z -~("Z 24 zzn(;-./xp))/ 2]2
(see Hote) P PP
‘Median = ¥ 6 = 4nM
2
th . e [ an (p/M)
P Percentlle = xp = Zp

th - 6 o '
(1-91) Percentile Xpl ”

th ¢
(1 pa) Percentile sz g g

Meun = 6 = In¥

Median = ¥ a° = 24x (/M)

. HOTE: The Mean-FPercentile specification {oes not lead to a 5
unique lognormal distribution. Equations fc- € and o
represent the more reasorsble cf two possible parareter
sets. For applj.cabtion, the following inequallity .mst
be satisiied: > 24n (xp/u)
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~ with assoclated ricks of a and B. For the common mean-percentile
‘ Sa.n be determined from Teble Z4XII that the requirement

means that xpl/p,l > zpo/p_o

2 Semple Size. The sample size for this test to meet speci-
fied g risks involves the distridution of the nomcentral
chi-square distribution, for which tablies are not generally
avallable. It can be shown for this spplication that 1f the
Bample size 18 25 or more, a reasonable normal approximation to
the noncentral chi-square distribution is possibie. Since sam-
pie sizes of 25 or greater nave been established au standerd for
all tests deszribed in this report, this rastriction is not
criticel, :

The equations for obtalning n are as follows:

K = (8) - 60)%/00%, V = 0,%/0,°

My = KV - 1%,y = vr/(V - 1)2

Ay = {1+ 2M)/(1 + M), By = V(1 +2m)/(1 + xl)
o =2(1+ M), ,Bl = 2V(1 + M)

ca /2, _ . 1/2, .2

h

o
]

& = (Bg - B))®, b = 4(ABy + AB) - 270, o = G2 - BAgh,
Then the reyuired sampie size 1s glven by the equation

=D +Vb° - lge

B o1

Table XXXIII presents the solution of these eguationu for
varioug vaiues of K and v for the cases g = g = 0.05, 0.10, and
0.20

To use the table, the K and V va ues are galculated from
the hypothesized values of 00, el, Uy“, &nd 0;~. For the appro-

priase risk (0.05, 9.10, or 0.20), the value of n can be detar-
mined from the table by interpolation. To be conservative, for
nonlisted X and V values s the next higher V and next lower K
values in the table Iy be used to ensure tnat the risks are no
greater than spacified,




TABLE XXNIXT

SAMPLE SIZRS FCR TEST NUMPER 5
PUR: ¢ = § = 0.05, 0.10, 0.20 AND PO} VARIOUS K AND V VALURS

150

a = 0,058 =005
r 1.1y 1.211.3{1.8 1.5 }2.6 [1.7 1.8 J1.9 |2.0 ] ¢ 1.1 i1.2 §1.3 {2.4 11.5 §1.6 f1.7 11.C 1.§ 2.0
0.02 | 458} 321 209 Wy 111 187 71 |59 {51 |wa 0.12 | 91 | 851 78| 69| 61 [s4 {481 43| 39 35
J.04 | 3261 246 [ 179 1133 | 103 {82 |68 {57 lug a3 0.1 ] 79| 751 701 63 ] 56{50 45| 81373
o.0h ) 253) 208 f157 121 ) 96 |78 |6 55 (A8 |42 0,16 | 60 ) 67 | 63 [ 57 | 52 | w7 tu2 ) 39 35 ) 32
0.05 207|178 |1y j211 ] B9 |78 (62 |53 |46 ju1 [fo.18 | 62 | 60 | 57 | 53 | 48 |44 yuo| 37| W | 3
0,06 | 1751 15z | 125 |102 | 84 |70 |60 |52 |45 |40 0,20 { 56 | 55 | 52 ] 49 Ju5 {41 | 3831} 32| 30
0.07§152) 133 |13k | 95| 79 |67 |57 |50 (44 135 [10.25 | 45 | 45 | 43 ] %1 |39 |36 |38 [32]|3]28
0.06j13 121 08| 88 75164 |55 |48 (43 [38 {o0.30 | 38§38 ) 3736 |3 iHA 30 |29)27 |25
0.09j120{ 120} 96| 833 7161 |53 |u7 luz 37 0.35 | 32132 |32{31]30|29|28|26]25]25
v.101109 97| 89| 78| 67 159 f[s51 jus [s1 {3 o0 | 28 | 28 | 28| 28 | 27 [ 26 |25 | 25 | 25 | 25
@ = 0,10, B = .10
I
1.1f 1.2 1.3 )1.%8 (1.5 1.6 {1.7 |1.8 |1.9 |2.0 | K 1.1 1.2 {1.3 {1.4|1.5 j1.6 [1.7 11.8 1.9 |2.0
9.0k [ hE7| 256 {483 102 j74 |57 |46 (38 132 28 [o.12 [ 56 |53 | 4B i 42| 38 |33 |30 | 26|25, 25
0.02|278: 189 4128 { 91 |68 153 (a4 36 131 |27 fo.14 [ u8 |46 [ k2 [ 38] 3w 131 |cB| 25 | 25125
0.03:138] 150 109 | 81185 |50 |42 135 |30 27 flo.16 ju2 |u1 | 38| 3| 32|29 262525 |5
.04 154 | 324 | 96| 7A |55 juB fuo 3 |29 {26 . R0.18 |38 137 |3 f32f30fevlam|2x]|2n|n
0.05j1261 1061 8 | 68155 |45 |38 133 |29 (25 Ho.20 | 34 [33 | 52 (30| 28|25 |25 |25 |25 |2
c.e7d Al YD 661 5507 ko 13 130 27 25 Jlo.22 [ 31|31 |30 )28 26|25 |25]25125|25
v.10) 66) 61| 55| 48 |51 136 132 28 125 25 ok o9 |28 jar|2a5) 25 |2xc|2s]25]|28]2
1
a = 0.20, p = 0,20
| T
1.2512.10§ 1,15/1.20)1.25]1.30|1.35]1. 80} 1,45 1.50)] K \Y j1.05{1.1¢|1.15]/1.20[1.25(|1,30 1.3_54&.&0# 45{1.50
0,005 56| 302 {197 1134 }97 |74 |58 lu8 Juo |34 fo.obo| 71| 67 | 61 | 54 | 47T | 42 | 37 | 32 29 | 25
0.020! 258} 201! 149 [111 |85 167 js4 |45 |38 |35 {o.ohs5| 63 | 60| 55 ) 50| bh 139 | 35| 31} &8 | 25
¢.015] 179 150 l120 | o4 |75 161 {50 |s2 36 (31 fio.050] 57 ; 55 ( 51| M6 | 41 [ 37 , 33| z0; 27 | 25
0.020) 237| 120|100 } 82 167 ls55 (47 tso |34 |30 jo.,060! u8 | 46 | u4 } 40| 37 | 331 00, 27| 25 | 2%
0.025) 1111 100| 86 ¢ 72 |6. {52 |44 37 {33 |29 fo.oto| ur B0 | 38! 3633 |30] 28] 25, 25|25
0.030f 93] 86) 76| 5156 |43 |41 36 |31 |28 Ho.080| 36 | 35| 4| 32| 30 |28 | 26| 251 25 | 25
0.035] 80] 75| 67 | 59151 k4 (39 |34 |50 f27 Jo.090} 32 {32131} 29|27 |26 525|251 25
o.000) 29 |29 | 28} 27 | 25 125 | 25| 25| 25| 25
Hote = A line under 25 {1.s., <5) signifies that a lower samplw sire than 25 may be used dut
. 25 is recomsended as s mirtmum for M demonstration.
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Decision Praocedure.

The decision procedure is as follows:

(1) Obtain a sampls of n cbservations of maintenauce times,

x1’ x2’ ...’ xnl
n
! l \'\—’ 2 e 3
(2) Corpute Z'= — .4J(£nxi -p) = mﬂz [92 + (Y - p)?]
% 121 %
8.0.2 - 6.0.2 0.V -0
where o = 001 1% 0 1
p = T e
01 - oo V-1
n
_1
Y == ZJ 4nX,
1=1
B!
SF DR SERE: o
=1
(3) Compute
2
- (90 = P) - K ~
0627 (v - l)?
2

. 1+ 2Mb’ . n(l + Mo)
If:rlﬁ;' ]TTF—EES

(4) Compute

C

u ' w——

32 + 2v T 1)°

(5) I222¢C, Hy 1s rejected
If Z <C, HO ie accepted

12
Discussion. The basis of this test 1s developed from the

Neymin-Pearson lemma, which states thut the best critical region
for rejecting Hb consists. of points in the sample space such that

sEly)

G 4

12. For further detailas see M. Kendall and H. Stuart, Advancec

Theory of Statistics. Vol. 2, Griffin, 1961, pp. 174-176, 227~229.
151 :




3

where

X = (Xl, Xos wees Xn), the sample observations

X|H ) is the likelihood of the n sample observaiions if
j(J =0,1} 1s true

k, 18 a constant (>0) such that the a-risk is satisfied

If Yi = ani, then

a g
_ -n . 1 % r .6 El s
L(XIHJ) = ("IE Gj) exp[ ;7}_’ (11 j) J: J=0,1
295740
and for 012 > 002, the abovc likelilhood-ratio inequality can be
shown to reduce tc

n
\

/, (-

1=]
whete Cq 18 a constant independent of the obhservations.
Since ¥ ~ N{90’°0 ) under Hy. (Y - p;/o0y ~ N [(60-9)/00,1 ]
n 2

\ has & noncentral chi-

%quare distribution with n degrees of freedom ard noncentrality

-0 - p G
/ \
parameter n K 0 ) = nMO. Thus a test of size g 1s obtalned

ty finding the 100 X(1 ~ a) percentile of a noncentral chi-équare

diastribution with n degrees of freedom and noncentrality paranm-
eter an. If this percentile point is denoted by Xée(nMO,a),

the declslon criterion 1s as foliows:

I X ‘9\2
Reject H, if ) (—1 J =z X (nMO,a)




and

. Z ~ x, (nMy), a noncentral chi-square variate.

The power of the test 18 then d2fined es

l1-8= P[Z & xr'xz(“’”‘o’a)lﬂlj

and thus the distribution »f Z under Hl 1s required,

Since
(Y - p) ~ N(el = Py 0y ) uander Hl, then
2 2
T % . .2 O I 4
L \S7) =Tk (ay), where = (So—-
1=1 901 o3
tHence, the power function is
. 002 UO2 ]
=k A e 6 *(nMga) | 1y |
O s
. = Px'a(an) z ‘Jix'z(nMo,a'llﬂl]

If)(gz(k) 1s a nonce.tral chi-aguare variate with n degrees
of freedom and noncentrality parameter A, then let

ey 2A T (n + k}z
T n+ o) 2 T on + 23

Then for v over 30,

L/2
(2 0 PN e ]
2v ~ 1) ~ N(0,1) approximately.;

From this spproximation, the fo.lowing are obtained from
the ¢ and 1 -~ B equctions
'2 uo el
Xy (MMg,0) = 5= (2, + V2vy - 1)

2 el T2
Xy (nM4,,0) pt Y2vy - 1)

]
<}
™
P
v
H
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}'j where

ﬁ 1+ QMI (1 + 141)2 " o Oe g
R 4 u, = v = Ii =

1 I+H; 2 ‘I+2Mi’ .

:,.,;'._4

v Equating the right-hand sides of the above two equations leads to

- : tne equation for n.

”if Exemple. aAssume that

B Hy: Mean = 0,5, 95tn Percentile = 1.5 hrs.

T8 Hy: een = 0.8, 95th Percentlle = 2.5 nrs.

q*‘ . a= B =0.05

a Equivalently,

i 2

g Hi: 0 ==-6.715, ¢- = 0.084

3 '

| Then

2
(G - 9 ) - \2
R B LA (_o.7;g £ 11285 o o5

V=sz2=5% =1
¥rom Table XXXIII, fcr g = £ = 0,05, K =0.20, and V = 1.1,
the required samplie size 13 found to be equal to 55 observations.
7.3.7 Sequential Tests - Iogncrmel Distribution
7.3.7.1 Introcducticn

Three different sequentisl muintalinability-demonsiration
tests are presented in this subsection:

14 > Test on a joint specification of lognormel parameters

Pt  Test on the mean, medlan, or porcentile of & loghormel
i distribation >

- Test on & criticai malrienance time, o UNENOWN
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.T.2¢ Test Number 6: Seguential Test on Joint Specifica-
tion of lcgnormal Parameters

Description of Test. This test is the sequential analog of
Test Wumber 5, In which any one of various possible pairs of log-

noreel psrameters may be specified. Table XXXII 1s used again_te
convert the original specifications to one in terms of & and 02,
the mean and varience of gnX, which is normslly distributed.

’ssumntions. Meintenance times can be adequately described
by a II ognormal disiribution. Simple randow sampling is performed.
‘2

The original aspecification 1s such that 012 > ao'.

ggotheses. Any of the following pcire of parameters may be
specilled:

Mean - Varlance; Mean - Percentile; Median - Percentile

Pl“h Percentile - peth Percentile; Mean - Medfan

Table AXXII presents the equations for converting m'othc-
sized values of any of the above pairs to an equivalent hypothe-

sis on & and 0=. The general set of hypotheses is then as
follows:

, 2 2
Ho, 6 = 90, 0 = O'o
2 2

2 2

with specified ¢ and § risks.

Sample Size. The sample size four a sequential test is a

random variable. For the hypothesized pairs, the expected values
of n are as follows: '

2]{) - a) 4nB + gnh}

2
) ey : ‘
) el - - -0

2
E(n|® = 8s ¢~ = 0

E(nje = 27 o = 912) = 2 2[pgnB v (1 - g) gnAl .
lnl/iqz\) + ":LZ [“12 - 002 + (6 - 90)2j
Yot g
" where Asz—L—;-Q, B'Y{La
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Decision Procedure. The decision procedure 1s as follows:

(1) Coapute

(8, - 8p) 0’12 02 2 8,0,° - 640;°
C = —g——>n + in D = "7?‘1r"' =20 01
e _ "'2 3 3 ? 2
1 "~ % % 0o 91 01 ~ 9
(2) Compute

a.m==2D3nB+CDm form=1, 2, 3, ...
bm= 2Dinf + CDm form=1, 2, 3, ...

Random samples of maintenance-task times Xi5 X55 ... are
obtained as lcng as

n
&y < Zi(‘cnxi = E)2 < bm
1=

SRR AN R R G R RO RS

e e

A decision is made the first time the above inequality is vioclated.
Thus: % ‘
Accept H, after m observaticns if ) (4nX, - E)® s 8y
Vi=1
=
Reject H, after m observations 1if ", (#nx, - E) 3 b,

(%Y
0
[

Continue testing otherwilse.

Since the acceptance and rejection boundaries are linear
with m, the nunber of sample observations, a graphical procedure
is easily eatablished (e.g., in Figure 2, Section IV).

Discussion. The test hypcthesis and the use of sequential

amplIng corrvesponds to Test Method 1 of MIL-STD-U471. However,
the iatter 1s based on converting & mean and percentlle specifi-
cation to two percentile specifications and then employing a
binomial-type sequentlal test. This test mekes direct use of the
lognormel assumption and therefore should have better efficlency
in terms of sample size for the céomperable MIL-STD-U71 test.

The development of the decision criterion-1s a direct result
Q{',?pllcation of Wald's theory cf the sequential probebility-
rgtio test.
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Example. Consider the example of Test Nusber 5, where speci-
fied mean-percentile values led to th: hypotheses i

Bo: 6 = -1.128, o® » 0,869 and W: g = -0.735, 52 = 0,98

From the semple-aize equations, it is found thet \
E(n|0 = 645 o = 002) = 29, and E(n|o0 = 20 6% = 312) = 26. This
corresponds to a fixed sample size of 56,

T7.3.7.3 Test Number 7: Se 17
mﬂri;"a a8 Lognorma.l UL

Doscription of Tast. A sequential test thet is based on @
convarsion ";oi!T & hypothesized lognormal parameter to an hypothe-
818 on @ = E(4nX). Mor a mean or percentile specificalicn, «
prior estimate of o° 1s required for the conversion. ¥For a nedi-

an specification, 02 need rot he estimated. -Since the test 13
besed on the asymptotic sufficiency of maximun-1ikelihood elt_;‘-'

mtors, a minimun samplec size should ba specified fo spproximste
the asymptotic property, {

Under Asgux ‘ifiom, Maintonance tises can be adequately
degnrYbed %yﬁﬁl‘a oﬁ%%r'ﬂ'ﬁtributien. Simyle random sampling ia
performed, and the minimum sample size is large enough so that
32 1z a good estimate of 02. .

Hypotheses. (The prior estimte of o is denoted by %),
Mean Specificatica Ho = luo X Qo- huo - ?/2
4 H,: u-hwan’el‘-tml--ﬁﬂ

Percentile Spécification

Bot Xg= T =0 = 0y = &y - 25

Hyf Xp=t) =& =6, = o) - zb’&'
Median Specification

Hy: 'ﬁauome-eossx%

Hy: 'ﬁzul-egel‘.znul

%mle Size. The sample size is a rendom varisble and is
% therefore usually evaluated ir terms of expected values, Pe-

cause of the asymptotic nsture of thia test, however, a minimum
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number of samples should be cified. Values of n ater than
25 shcould prove satidfactory (see Discussion section). The symbol
n* 18 used to denste the specified minimum sample size.

elsio cedure. Random famples of maintenence-task
times X;, S50 ceeer Koy Xpwy1? Xpwaz? +oer are Taken as long us
the following inequality holds:

’

2 2
8 90+9 m 8 6,46
"'6"55"‘ 1 . R c'°1
ay 9 o}n3+m-2--< zllnxi\elueozna-o-m._é__.

= b, (mxn*)

m j
n
Acoceopt HO ir 151 snxi s a for some m 3 n*
]
Rejact Ho ir 1}:‘;1 fnxi x bm for some m 3 n*

Discussion. Cowparison of the decision_criterion of this
test WIth & sequential test op the md:la.n--az own reveals that
the only Cifrfsrence is that is replaced by s in the accept/
reject boandaries. The basis for this substitution 1s discussed
in Reference 4, pp. 5i4-56.

To indicate the acceptability of this procedure, the sequen-
tial test was simlated on a computer. The test hypotheses were
Hy: = 30 rimtes and H,;: M = 45 minutes at @ = B = 0.10. The

malimin sarple size tefore a decision could be made wes set at
20. Iegnorzal random yumbe.s vwith medians of 30, 36.75, and d5
minutes, ard with o= = 1.44, wera generated. For 250 simulatad
tests at each median value, the theoretical and observed results
are as followa:

) Probebility of Acceptance | Expected Ssmple Size
Medlan ™ gy coretical | Observed | Theoretical | Observed
% 0.90 0.896 30.79 34.8
36.75 0.50 0.6k 42,29 . 51.4
5 0.10 0.060 3C.7¢ 39.1
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For the three casss exemnined; the observed acceptance prob-
abilities are slightly under the theoretical., Bscsuse of the
minlinur-sanple-size restriction, the average number of observe~
tlons 18 somewhal hig:er than theoretically expected.

7.3.7.4 Test Number €: Sequentisl Test of Criticai Mailnte-
nance rime, fé__gnoﬁ Distribution, of “Uniciown

Description of Test. A sequentisl test of the proportion of
& no population exceediriz & given conatant. The azsunption
of a lognemmeal distribution of malntenance times permits direct
application to testing the percantile value of & critical muinte~

nance time., This test is an approximation of the sequential ¢
test {see Discussion section).

Unuerl Assunpt - Maintenance times can be adequately
descr y a logno stritution. Simple random sampling is
performed. The decision critericn is hased on tle approxirate

normality of the Statistic X + ks when samples are taken frus a
normal distribution.

Hypotheeis. HO: PIX>T] = Py OF To xpo

Hy: PIX>T]= pporTae xpl

where T 18 & specified ecritical maintensnce time,

Semple Size. Since n 1s a random varisble in a sequential
test, no semple gize is specified,

Decision Procedure. The decision procedue is as follous:
. i~
(1) Compute A = fn —GQ’ B=4n TEE

(2) Compute the acceptance btoundary

/1 - Cmme 1

8y = 2

here

e A oA !
C = . D = -{z2 +2 )
B (m-1)(Z. -2

Po

P *m
-7 P Pl
91) m(zgo 91) °

(3) Compute the rejection boundery

T = En.Fm'~ 1
Op = ""Finm
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E = , F = - (2, +%
(m—l)(zpo -2 N m(zpo - zpl) Po 1

(4) After ewch observation, compute

m
T- 3 InX
1=  *
!’mg 8 —,m=2,3, s 00
m
where . I— | \ v
2
b lnXi
2 3 A B 2 <1=1
B = m—Ii-izl'(ﬁnxi) = "
3

(5) 1If K 3 &,» Ho 1s accepted. If k 2 b , Ho 18 rejected.
If ), <k, < b, enother maintenance task is sampled.

Diacg%g%g_. This test is the sequential analog of the fixed-

sanple or critical maintenance time and, accordingly, should

require smaller sample sizes on the average, except possibly for

caseg in which xpo <T K XD . The test described here is an ap-
"1

proximation to the WAGR sequential t test (s2e refsrence %), which
reguires the use of tables of “he noncentral t distiribution. The
derivation of the test is given in Reference 2, pp. 83-85.

7.3.8 Nonparametric Tests

7.3.8.1 Imtroduction

Nonparsmetric tests have the desirable characteristic that
it 13 not necegsary to assume an vnderlying distribution with
regard to the maintenance-time random variable of interest. How-

aver, they gsnerally vequlire greater sample sizes than correspcnd-
ing paremetric cr nondistribution-free tests.

Pive different nonparsametric maintainabllity-demonstration
tests are presented in this subsection (the first four are fixed-
sauple-size tests):

{1} Test of median or percentile

{(2) Test of critical maintenance time

{3) Test of two critical maintenance times
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{(4) Test of specific lognormal distribution
(5) Sequential test of critical malntenence time

7.3.8.2 Test Number 9 - Tast of Median or Percenstile

Description of gig . A nenpavsmetric test of a median or
percentile, o spacific sets of hypotheses are considered. One
is for the case in which & desirable median or percentile is
gpecified such that there should be & high probsbllity of accept-
ance if the actual masintenance-time distribution conforms. This
28 the usual null hypothesis with an assoclated o risk. The other
case offers the consumer protection sgainst accepting e system
that has the medlan or percentlle equal to a specified valve re-
presenting an undssirable mainternance level. The test statistic
for elther case is based on the number of observations exceeding
the specified time.

Underliying Asagﬁgtion. 3ince the test 1is nonEsrametric, 1%
is not necegsary to an assumption concerning the distribu-
tion of maintenance times.

Hypotheses. Test I Test II

Byt Kp=To Mot X <7
HI: Xb 5 TO | Hl: XF = Tl

Por test I, T, represents a desirable value for the (1-p)*%
percentile; e.g.; Hy might be: median = 30 minutes and therefore
Hl is the composite alternative, median > 30 minntes.\ For %est
II, T, represents en undesirable value for the (lnp)th percentile;
e.g., H; might be: median = 45 minutes and Hy is therefore medizn
< 45 minutes. Note that the hypothesis Hy: Xb = T, of test II
is the same form as the Ho hypotheslis of test I.

Sample Sige. Since both teat I and test II contain a com-
posite hypothesis end therefore only one specified risk, there is
ne sassple-size estriction in the usual sense, If r 1s the number
of meintendnce times exceeding the .pecified vaelue and ¢ 18 the
acceptance number, an accept decision 1s mede if » s ¢ when n
maintenance times are observed. For a given ¢ value (¢ = 0,1,2,
eess), 0 i8 found from the following equations, which employ the
binomial distrihution:

c

Test I: ;Z; (2) of (1-p)*T 2 1-q
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=0

Table XXXIV presents the sampling plans (sample size n and
accegtance number ¢) for various p, a, and B values for ¢ = 0,1,

TABLE XXXIV

SAMPLE SIZES FOr TESTS I AND IT FOR VARIOUS
PERCENTILES AND RISKS FCR ¢ = O THROUGE 5

Percentile
50th A
e Risk (Median) 80th 90th g5th
I 1l I IT I Il I II
.20 * 3 1 8 2 16 4 32
0 10 | * b * 11 1 22 2 45
.05 * 5 * 14 * 29 1 60
.29 # 5 L 14 8 29 16 | 60
1 0 | e 7 2 | 18 i
.05 * 8 2 22 '
.20 5 8 4 21
2 .10 * 9 6 25
08 | % 11 b | 30
.20 5 i0 11 27
3 .10 4 12 9 32
.05 * 13 't 37
.20 6 i2 15 33
] .10 5 4 | 13 | 386 -
.05 5 16 10 Ly
.20 8 i5 20 39
5 20 |7 | oar |16 | s
1 08 § 6 18 14 50

% Rigk requlrement cannot be satisfied.
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.test the percentile value remains fixed and the time varies.

In general, tne plan with the higher ¢ nuaber nffers betfer
protection against accepting a poor product {for .est I) and
rejecting a good product (test II); therefore, ¢ should be made
as large as possidle, consistent with constraints on seample size.

Decision Procedure. A random sample of n maintenance times
Xl, X%, o Seyy Xn Ts observed, and a count 1s taken of the number

of such times that exceed the spenified time 7. This number is
cealled r.

¥

For test I, HO is accepted if r g ¢ and 1s rejected otherwise.

For test I, H, 18 accepted if r s ¢ and is rejected other-
wise, -

Discussion. Test II 1s equivalent to Plan 4 of MIL-STD-471.
Test 1 18 &n altermative in which a dasirable percentile value
is specified. The cholce between I and 1T depends on whether it
is better to control the a or the B risk, which in turn depends
on the costs associated with each of the posslble wrong decisicns.
The next test described has a control on both ¢ and B risks and
i1s therefore recommended as a beftter alternative because it in-
cludes the specified hypotheses of this test.

7.3.3.3 Test Number 10 - Test of Critical Malntcnance Time

Description of Test. A nonparametric test of s critical
maintenance time and associated percentile value., An example 1s
the following set of hypotheses: HO -= 30 minutes 1s the median

(50th percentile); and H1 == 30 minuies 18 the 25th percentile,

In this test both the null and ealternative hypotheses refer to a
firzed time and the percentile value varies, In the preceding

As 1n the preceding test, the number of meintenance-time
observations exceeding the critical tlme 1s compared with an

acceptance number ¢ tc determine acceptance or rejection of the
null hypothesils.

Underlying Assumptions. No specific assumption 18 necessary
concerning %Ee His€r§gﬁﬁlon of maintenance time. In the develop-
ment of the equaticns for determining the decislon criterion and

sample size, the normal or Polsson approximationr to the binomial
distributicn is used.

Hypothesis. HO: T =X
\ Y
(pl P pO‘t
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Sample Size, n, snd Accegtance Number, ¢. The normal ap-
proximation to the binomi stribution is employed to find n
and c¢ vhen Po is not a small value. Otharwise, the Poisson ap-

proximation is employed. The equations for n and ¢ ars as
follows:

For 2.20 s p, s 0.80

— 12
0= |28 /P1% * % /Po% (Use next higher
P, - D integer value.)
1~ Po :
- ./,______
Za P P9, + 2. p P
¢c=n|-£0Y 170 a1/ Po% (Use next lower

Z, / Podp + ZB P19 integer value.)

For Po < 0.20

For this case n and ¢ can be found from the following two

equations:
c T
=-np, np
Ze o(o)a - q
r=0 r.

Y r
Z gmpy (mpg)™

r!

R
w

r=0

Table XXXV provides sampling ﬁlans for various a and f risks
and ratios pl/bo when p, < 0.20.

Decision Procedurz. Random samples of maintenance times are
taken, yleldinz n observations Xl’ X2, A Xn. The number of

such observations exceeding the specified “ime T 1s counted. This
number is called r,

Accept HO ifr g c.

Reject Hy if r De.

Discussion. This plan corresponds most closely to test
method § of MLIL-STD-U471 except that both en a end B risk are

specified. It 1s preferred over the preceding plan pecause 1t
provides known protection to both the producer and consumer.
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An example of Ceveloping the decislon criterion for the tali-
vercentile hypothesis is provided in Table XXXV. For an 2xample of
a median speciriceation, assume that the following hypctheses
exist, witha = = ¢.10:

Hoz 30 minctes = XO.SO = madian
le 3¢ minutes = x0.75 = 25th percentile

Then Za P ZB = 1.28 ard

o (2.0 [CEAER I . o

Sk m]as 14
50M(.50) + J(.75)(.25)

The actual probabilities ccorresponding to l-a = 0.90 at
Po ™ 0.8C, and to B = 0.10 at Py = 0.75, from tables of the bi-

nomiul distribution, are 0.095 and 0.096, respectively -- ar
excellent sgrrement.

7.2.8.4 & er 11 - Test of Two Critical Maintenance

s bt

%%igs%igéggigg t. A nonparametric test in which two
crivi ceé times are specified and saparate teets are
applied to each. The two critical malntenance timea will generally

be & median and Mhax value. An overall accept decisiocn 18 made

only 1Y both individual tests are passed. As in tests © and 10,
the mumbar of observed maintenance times exceeding specified
values is the stetistic used to mav~ the accent/reject decision.

ssumptions. No specific essumptions concerning
[ Mainvanance times are necessery.

" Hyyotheses. Hor =X, t =Yy
& (T<t, Be<Py»9<ays PP Ays
5y : i=0or1l)

le Ts= Xbl, t = Xq1 ’ )

¥ -
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An example of “he hypotheses 18 as follows:
Byt 30 minutes = medien (X, 54),
60 minutes = S5th percentile (X, o)

Hy: 30 minutes = 35th percentile (10'65):
60 minutes = 90th percentile (xb,lo)

Thus

T = 30, t = 6’0, po - 0.50, pl = 0065, qo = 0.05, Qi L 0_.10:

SYamwple Size and Dacision Proceaure. For given a and £ riasks,
tre de%erminaf!on of appropriate auupf% size and critical values
is a relatively complex calculstion. Table XXXVI and Table XXXVII

present various sempling plans for ¢ = 0,10, end 0.2C, values of
i from 20 to 80 in steps of 10, and verioue combinations of Po?

qO’ pl’ ql .

In Table IZXVI, the plans are such that the median and 9Cth
cr 95th percentile &re specified in the Ho hypotheslis. The fol-
lowing four combinations are included:

Ho Specificsation H1 Specification

e

(1) 0.50 0,10 0.65 0.15 Median and 90th
(2) 0.50 0.10 0.75 0.20 percentile for H,
(3) 0.50 0.05 0.65 0.10 Median end 95th
(4) 0.50 0.05 0.75 0.15 percentile for H,

: In Table XOXXVII, the plans are such that the median and 90th
or 95th percentile are specified in the Hl hypothesis. The fol-
lcwing four combinations are included:

HO Specification Hl Specification

(1) 0.40 0.05 0.50 0.10 Median and 90th

(2) 0.40 0.025 0.50 ©€.10 percentile for Hy

(3) 0.30 0.025 0.50 0.05 Median and 95th

(4) 0.30 0.01 0.50 0.05 percentile for H,
167
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TABLE XXXVI
SANPLING PIANS FOR H, SPECIFICATIOK

Medien and Q0th Percentile
Por Hy Py @ 0.50, 9o ™ 0.10 For Hq Py = 0.50, qy = 0.10
For Hy: p; = 0.65, q, = 0.15 For Hy: p; = 0.75, q; = 0.20
n a = 0,10 a= 0,20 n e =0.10 a = 0.20
c ) g c D [} C D B c D )
20113 ] 4 |o52 1 13| 3 {o.43 20| 13| 4 §o0.17] 13 310.00
30} 20 510502 | 4 [0.38] 30| 20 51012 ]| 20 4 | c.08
b0o| 30 | 6{o58i2 | 6 |ok3lus| 3] 6loz|2| 6]o.c1
50| 31 8 [0.30 ] 29 7 1013|504 21 8| 0.021 29 7 | 0.00
60, 37 9 | 0.24 | 35 8 10.11 ] 60§ 37 9 10.01| 35 8 | 0.00
70 | 4% {10 | 0.25 | 41 | 9 [0.09 | 7O | 44 {10 |o0.01 | 41 | 9| 0.00
80| 47 {12 0,12 48 |10 (0.10 | B0 | 47 {12 | 0.00 | 48 |10 | 0.00
J |
Medlen and 95th Percentile
: For Hp: Po = 0.50, q = 0.05 ~For Hy: po = 0.50, 9y = 0.0%
¥ _ For Hy: p; = 0.65, g, = 0.10 For Hy: p; = 0.75, q; = 0.5
; n a= 0,10 a= 0,20 n a= 0,10 a=0.20
:i; c [pje & 1 D B c [ D B |cC [D] p
b 20l w |- 2los58]12 20312024 | 210.29]| 12| 2] o0.06
A 30 | 20 3045 | 21 2 10.35, 30| 2 310.007| 21 2 | 0.07
4o | 25 4 { 0.31 | 24 3 10.16 ) 40| 25 4 | 0.02 ) 24 310.01
50 { 30 5 1]0.20 | 29 4 1o0.11 |5 { 30 51 0.0 | 29 L1090
60 | 37 5 | 0.28 | 37 4 to.12 ¢ 601 37 5 | 0.00{ 37 4 | 0.00
70 t b2 6 | 0,13 | 41 5 | 0.07 | 70 2 6 | 0.00 | 41 5 | 0.00
80 7100951 6 oozl 8!lur !l 71000f85 | 61c.00
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TABLE XXXvIX
SAMPLING PIANS FOR H, SPECIFICATION

Medisn and 90th Percontile

Fo - O.le, '0 610.@" |

For Hy: Py ™ O.40, 9g = 0.05 For Hy: .
For H,: Py = 0.50, q; = 0.10 For, Hy: n -o.ﬁo,v 9 = 0.20
n a= 0,10 a= 0,20 n 6= 0.10 3 = 0.20
cIo2| s [cD] » c ol ¢ aTn ] Y
012} 2061|120} 2 045120 13| 1 2.38 16 ¥ 31 .28
90271 31056118 2)0.39[30( 16/ 2 0.33 {17 | 1 {03
4ol 2| 4 )ous| 2| 3 029 4oy 22 | 2 fo.20 {394 2 0.
01251 5] 0k0 | 24| 4 0.24 150 | 25 | 3| 0.18 S| 2 o0«
60 [ 31 | 5| 0.33 31 ) 4)o21l60| ;1 3101213 | 2 {00z
70135 6)o.zg! 3| 5 0.17 170 { 40 | 3 | 0.07 | 33 3 jo.c:
8139 71026 37| 6 01318 { 30 | & | 0,06 { 38 {310l
Median and ¢5th Percontiie
For Hy: py = 0.30, q4 « 0.025 For Yo: pg = 0.30, q, w 0,01
For Hl: pl = 0.50, ql = 0.05 Fer le pl L 0-50) Gl - 0.35
n a= 0,10 a= 0,20 a a= 0,10 =020
N ) ) c [ g ) 8 [ ) g
20 | 11 11! 0.58 8 l]o0.22 20| ¢ 110310 o 0.24
30113 2fo0.26 |13 10,2 301130 1102012 12 a.0;
4o 118 | 2 o0.25 [ 15 | » 0.06 bopar | 1]oa1}as]| 11 0.0
50120 [ 3(/0.09 {29y 21! o0.04 5012 1100919 21 0.03
60 j 2t [ 3]0.06]|26] 2 0.10 60123 ) 2)o0.03) 23| 3 0.2
70 | 32 3| 0.18 | 25 3 ]o0.01 70 | 27 2| 0,024 27 i} e
Bo | b o.02 | 30 3 | 0.01 30| 30 2 jc.01] 33 i}on
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The decision procedure is based on $wo critical values, C
and D. An accept deciulon is made only if C or fewer observed
malntenance times are greater than the specifiled median value
(?) and D or fewer observed maintenance times are gresater than
t, the time corresgponding to the Mmax percentile.

For & given a, & plan s identifled by the triplet (n, C,
D). Tsbles XXXVI and XXXVII present, for each n, the smallest
value of C and the coerresponding D value that satlisfly the
risk. The appropriate plan to use is then determined from
evaluaticn of the f risks shown in Tables XXXVI and XXXVII for
each triplet. In general, f will decrease as C or D decreases
with n fixed, or § will decrease &3 n increases for fixed C.

‘ffﬁﬂ; 41-* }T. e A sy S ‘1 S

Since n waa limited to cnly seven values and C limited to
only the smallest possible value for a given a risk, & desired

f risk may not be obtainable from the tables (see Discussion
section).

Diacussior.. This plan corresponds closely to Test Method
No. &, ElﬁgﬂiﬁEhTI (az revised by Change Notice 1). In method 4,
however, only undesirable (large rejection probabilitv) median
and Mm;x vailues are specified and nc consideration 1s given to

the producer's risk. In this test, both producer and consumer
risks can be controlled. .

o

50

1 &
- t.:&dt- N

o PRy
5

The details for determining producer and consumer risks for
any given triplet (n, C, D) are developed in Reference 6. The
equations are as follows:

Producer's Risk =

X i (?)"od (1-p5)™" Zm
=0 P

»
¥ 1
-:G =
_-“..'
£y
%
2
3¢

0

. J;k ,
D)%)

S R AT

-l - l n! .y YO=J K = ’J-k
=1 J}jogo T e TarTIT (1-p5) " ay (py~9g)

e
e

:‘»-.';-__"

Consuner's Rigk =

L w6

B, .
- n! = nJ k ) J e
32 2.‘0 (n=4)! k! (J=k)! (1-p9)7° " (7 ql)
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where m = the smallsr of the two values ] amd .D.

The 0.C. curve of a plan basad on n, €, and D can be deve~
loped from the above equation for consumer:'s risk by varying the
p and q valuss. DBecause of the wide veriety of alternstives
generated by the tripleis (n, C; D), such evaluation mey bs war-
ianged in cases where careful control of wiskw-swd oo LiTrg wise

s desired. : :

Examples. Two examples are given:

Example 1 - Assume that it is disired to accept with e .

90-percent probability an equipment with a median value of 20
minutes and G5th percentile cf 45 minutes. If, however, 20
minutes 1s the 25th per ntile and 45 minutes is the 85tk per-
centile, only a lO-percent acceptance probability is dssired.
In terns of the standard hypothesis for this test, ' i

Ho* 20 minutes = Xy 5o, 45 minutes = X0.05
le 20 minutes = X, -, 45 minutes = X 15

with a = 8 = 0,10, We thus have Py = 0.50, Gy = 0.05, P = 0.75,
q = Or 1S,

Since the median and the maximum percentile are specified in

HO’ Table XXXVI is eppropriate. For the specifieéd p, q values,
the plan closest to meeting .the a and § risks is

Thus 30 maintenance times ars sempled. The eguipment passes
the test only 1f 20 or fewer such ¢imes are mcre than 20 minutes
long and 3 or fewer actions took over 45 minutes.

Example 2 - Assume that if the medien is 1 hour and the

95th percentile is 2 hours, only a lO-percent acceptance probd-
ability 1s desired. However, there should not be move than a
20-percent rejection probability if 1 hour is the TOth percentile
and 2 sours is the 99th percentile. Thus

HO: 1 hour = X0.30’ 2 hours = XO.Ol

Hl: 1l hour = xO.SO’ 2 hours = x0.05

with a = 0,20 ard § = G.10. We tiwms have Po = 0.30, qy = 0.01,
pl = 0-50’ ql = 0.050
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Since the medion and maximum percentile valuea are speclfied
in the H1 hypothesis, Teble XXXVII is appropriate. From this

table, it71s8 secn that the specified ¢ and £ risks are satisfied
un-w’ 0311, D=1,

R W)
L

,.
=

e

% ‘;'(r-u.

W. A nonparametric test of the hynothesis
that ~tenance 8 are lognormelly distributed with parameters

i ¥
of

*;,a 6 and ¢2. The Kolmogorov~-Smirnov statistic is used as the test
o statistic., A single alternative hypothnesis is not apecified snd
S thus no Bete risk is associated with H,.

o

il ot e
R
L NN

%m_mu The dlstribution of maintenance
+times 18 co ous.

W. Let F(x) be the distribution function of mainte-
nance 8, I.e., F(x) = P(X s x) and Famgx; 8, 02), the distri-

& bution function of a log-normel with parfimeters © and ¢2. Then
m Hyt F(x) = Fo(x) = FL(x; 84 020)

":-":i':'.:'

,ﬁ. H,: F(x) = Fl(x) £ Fo(x) for all x

.~ Teble XXXII of this wubsection should be used to find 6, and
»,, 020 if another pair of lognormal parameters (e.g., mean and per-
B centile) 1s specified.

e The graphic iliustration of the two hypothesized distribution
ok functions is sho¥n below. For any value of x, the probability of
= completing s maintenance action is greater under H, than under H,.
fg? | 1.0

g F(X) = PIX = x]

phintod S I

Time, x

i7e




Sggﬁlg Sige. No spescific equation for smmple site can be
glven, e greater n is, however, the more powersul the tea®
will be against eny specit'ic altsrnative hypothasie.

Decég&gg Criterion. A randam sample of n maintensace timee
is observ: 8 necessery to compute the statistic D, whica
is defined by the equation

D~ %[5 (x 8 o) - 8(x)]
where Fy (x; 6y, o)) is the hypothesized lognormsl distribution
function ard S(x) 18 the observed distribution function.
To be able to use published tables of the D statistic, it ia

necessary first to consider the variatle Yi N lnxi where X; is

the 1th~ordered observed maintenance time, 1.e., Xi Xé s 13

on s & k -1 3§ Xn Then the statistic to be computed las

D= g% [8(3) - By (v; 6, 020)]

where Fy (5 9, aQO} 18 the normel distribution function with
mean eo and- variance 020.

The procedure is as follows:

(1) Let Y=-4nX for each of the observed n times Xy, X5

ceeos X

(2) Order the ¥'s such that Y, Y, 8 o0 8 ¥, 48 ¥

(3) Compute

S(Y,) = number of Y's less than or equal to ¥,
-

n

(4) Compute for zach i the normel deviate,
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(5) For each 24, use normel probability tables to obtain the
norunal probability

FN ("Yi; 90’ 0'20) = FN (Zi; o, 1)

which 18 equal to the

probability assoclated with a normal deviate
of Zi’

Z ~
[4 =
L a=ze /2
1.6.3F(“Y,9102)=ji leZ/
N i 0] 0 r dz

-G 7

2
(6) Let ay (-¥y5 8y, o) =1 - By (-v;; 0,, o2

o’ O)

(7) PFor each ¥,, compute

max . 2 31

as follows:
For 1=, compute S (Yl) - Gy (Yl)
For 1 <1s n, compute )
S(Yi_l) - GN(Yi) and S(Yi) - GN(Yi)

D is then equal to the largest of the above differences.

{€) For a given riak, refer to a table of the Kolmogorcv-
Srirnov statistic for the critical D value, D

a.,n’
Accept Hb ifDs qa,n'
Reject Ho otherwise,
Digcussion. This test is s one-sided Kolmogorov~Smirnov test,
which 18 deseribed in Reference T. From the stated hypotheasas of

the test, 1if the observed distribution function 18 to the right of
th: theorstical (as specified by Hb), e.g.,

fp it Pk
AL W

ek
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then the data would tend to favor H, and thus the hypothesis wouid
be rejected. In this case, the statistic Si{x) - Fo(x) 1s small

(in fact, 1t 18 negative). So that tabied values of the D sta-
tistic can he used, the converslon is made to negative values of
the observed maintenance times and [ - Fo(ux)} 18 used with the

result that small values of [3(x) - Fo(x)] correspond to large
values of [3(-x) - (1aFo(-x)].

.,
LR
I

The conversion to logarithms is first made solelﬁ £o that 1t
will be possible to use the rormel distribution Lables rather than
have to develcp tables of the lognormai-distribution function.

Example. Assume the following: )

HO 1s F(x) = FL(x; 6=3, 02 = 0.25);

Hy 18 F(x) < Fy(x; 63, o = 0.25).

a 1s set equal to 0.10.

Assume thet & sammle of 1O observatlons yields the following
maintenance times (mirutes): 15.4%, 14.8, 30.1, 35.6, 12.7, 1%.8,

24,8, 63.4, 13.0, aend 38.4. The table at the top of the following
page i1s developed 1n accordance with steps 1 through 6.
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T e DIShRe e g g L g, g s
Steps 1 and 2 | Step 3 Step 46 Step 5 Step 6 *1
X - =¥y =
¥,= -inXg S(Yi) - % Fy(¥y) GN(Yi)zl-FN(Yi) '
3.4 4,14 0.2 2,28 0.99 0.01
38.4 -3.65 0.2 1.30 0.90 0.1C :
35.6 - =3,57 0.3 1.14 0.87 0.13
30.1 -3.40 0.4 0.80 0.79 0.21
24 .8 -3.21 0.5 0.42 0.66 0.34
15.k -2.73 0.6 -0,54 0.30 0.70
14.8 -2.69 0.8 -0,62 2.27 0.73
14.8 -2,69 0.8 -0.62 0.27 0.73
13.0 -2,56 0.9 -0.88 0.19 0.81
12.7 -2.54 1.0 -0,92 0.18 0.82

8(Y,_4) - a,(Y,)

WO~ OV W

-
o

Ay ST SRR D
s &R Z s o

i_,
RlE

e
g
3
o
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als el
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7.3.8.6

P

P R e
Foppe TR T ST
FHl iy

C
Q.07
0.09
0.06

-0.20

-0.13

"'0 001
0.08

s(yi)

Then for Step 7, the following are ohbtalned:

- Gn(Yi)

0.09 5
0.10

0.17

0.19 (max)

¢.16

-0.10

0.07

0.09
0.18

Since the maximam difference is 0.19, which is less than the
eritical value of 0.32 for & sample size of 10, and a =
null hypothesis of 2 lognormal distribution with 6 = 3 and
G.25 cannot be rejected.

0.10, the
-

3 - Seguential Test of & Critical

A nonparametric sequential test of the
& specified maintenance time.
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procodure 1s based solely on the number of maintenance times
exceeding the critical time, it is equivalent to a sequential
test of a binomial parameter, p.

Underlying Assumgtions. No specific form of the distribution
of maintenance Times 1s assumed. Mainfenance tasks are sampled
through a simple random procedure.

Hypotheses. Hy: T = Xpo or P {X>71T]= Po

H,: T =X or PI[X>T]= 12

1 pl

(a and B are specified)

Sample Size. The sample size of a sequential test is a 3
vandom variable. Table XXXVIII presents the expected number of g
observations before a Cecision for three values of p. ;

. i

TABLE XXXVIII fi

EXPECTED SAMPLE SIZES FOR VALUES OF p é

P | E(nlp) %

" (1-a) fn B + a_gnA 5
.6.1;1

9 PoénC + (1-py)end %,
InD 4n A in B éé
£nD= 4nC 4n C fn D §§

- P _._B4n3 + (1-8) fnA
1 Py £n C + (l-pi) tn D

Notation: A = (1-B)/a, B = B/(1-a)

C = (py/py)s D = [{1-p;)/(1-py)]

%‘;& '!l%“nq é.q‘\‘ pe s .

S

Y

&
s,

-

A

If desired, an upper bound on the sample size can be estab-
lished that will have limited effacts on the a and B riska. The
. sugzgested prozedure 1is to truncate the test at three times the
expected sample slze, say at m=n¥*., The expected samnrpie aize to
u?alw%ll dapend on the assumed value of p in the expression
E(nlp).
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Generally, Po is sslected unless prior evidence indicates
otherwige; cnerefore,

{l1-a)4nB + alnA
) )

'D
Py
poln po + (1~ 'po) in I—-i;-;

Decision Procadure. The declislion procedure is as follows:

n* = 3E(n|p ~ py) = 3

. 1 4‘,@_’ =
(1} Compute A = =y B= I%a

P 1"po p
(2) Compute C = 4n f%" D = ¢n 175{

(3) Compute the acceptance boundary

"'; F %“5‘%+mr‘€-’3form=l, 2, s s e
(4) Compute the rejection boundary

nA
bmwh*mﬁrormll,eg R

fie Random sarjles cf maintenance times Xl, X2, ... are then
obteined as long as

am<dm<b

R ) where 4 18 the numoer of maintenznce times that exceed T after

s m observations are made, A decision 1s made the flrst ti-e .the
e above 1nequality is violated:

R Accept HO if for some m, dm s a

¥ . heject H, if for some m, 4 2 b

) If the truncated sample size (say, n*) irf reached and no
Lk decision har been made:

(e., + b_.)
n¥ n*
Accept HO AL dn* H 5

(a *+b,"
TeJoet Hy 4f Gy > 22

.
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: Discgagﬁon. This test and Test Method 1 of MIL-STD-471i are
similer in that both are sequentigl tests of percentile values.
However, the HIL-STD-471 plan assumes & mean or Muax #Pecificetion

under a lognormal assumption, which is then converted to specifi-
cations on percentiles.

This teat is a standard applicatiop of sequential sampling
under a binomial assmwption. Reference 8, pp. 88-105, nresents
a de’ailad dilscussion of the test's opermting characteristics as
well as the practical consequences of taking observations in
groups.

7.3.8.7 Test Number 14 - Sequentiai Test of Two Critical
Madnfenance Times

Description of Test. Thils test 1s the sequential counter-
part of Tesg Number 11. Two critical maintenance times are
specified, generally a median and Mrex value, The decision

criterion is developed from a direct application of the sequen-~
t.al provability-ratio test. '

Underlying Assumptions. No specific assumptions concerning
the distrlbution of maintenance times are necessary. Simple
random sampling is performed.

Hypotheses.

Hy: T =100 x (1-po)percenti g = Xpo,
t = 100 x (1-q0)percentilt = X
R
Hy: T =100 x (1-p1)percentile = Xﬁl’
t = 100 x (1-q, )percentile = X
1 qy
where

T<E Pyp< Py 9 <90 Py > 9y for1=0o0r1l

llote that Py is the percent of observations greater than T for
H,, and q is the percent of observations gresater than t foxr Hi'
Risks of a end P are also specified.

-
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Sawple Size. The wvumple 3ize of a sequential test is a
random variable. For the cases in which Ho and Hl are true,
the Tollowing are the equations for the expected sample size:

Flu|f,; Svas) =1 -pé-a fn?P;‘gg%%i+ WE

IoB + (1-8)4nA
E(anl true) Tr:ﬁg-} e pl_ql - q

where 2, 3, C, D, end E are as defined below.

Decision Procedure.
1=
(l) cO!npute A = -Eé-, B = ?c‘

1-p, Py =03 q
. 1 =1 jis! s
(2) Compute C = ¢ e 5, ) D zn(éo_qo , B = qo

(3) Compute the acceptance boundary
& = -inB + mE

(4) Compute the rejection boundary
= -f/nA + mE

Random samples of maintenance times X 10 Xg, «e. &re
then obtained as long as

by, < (D-c)wm(T) + (E-D)Nm(t) < e

where

N (T) = namber of maintenance times less than or
equal to T after m observations

Nm(t) = number of maintenance times less than or
equal to T after m observations

A decislcon is made the first time the above inequality
is not true. Thus

Accept H, if for some m, (D«C)Nm(T) + (E-D)Nm(t) za

0 m

Reject Hy if for some m, (D-C)Nm(T) + (E»D)Nm(t) s by
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Discussion. 'rhis test 1s comparsabls to Test Methed 1 of
E-STF!%‘ Tr'iathat both are sequential tests of two percentile
valuas. The MIL-3TD-471 test, howsver, is based on & converesion
of a lognormal mean/percentile spedification to a two-percentile
specificetion; fo* each such specification & separate sequential
decision critericn is ther applied. The MIL-8FD-4T1 method
appears to be based on an approximation method for using the
same data for the two separate fests in order to satisfy the
alpha and beta risks. ;

In this test, only one sequential decision coriterion is
applied; it takes into account the dependence between the nunber
of observatione less than or equal to T, the number between %
and t, and the number greater than t. The tsst is therefore
exacg in the sense that any sequential probability-ratio test is
exacv., g

If desired, Table XXXII can be used to convert a lognormal
mean/percentile specification (or any other lognormal perametcr
pair) to a specification of two ~ritical meintenance timee 2o
that this test will be applicabl.. If the lognormal assumption
can be resasonably made, however, the parametric counterpert to
this test (Test Number 6) will generally be the more desirable
cholice.

Since chis test does not generally appear in the literature,
its derivation 1is outlined below.

The basic inequality for the sequential probability-ratio
test is - ‘

131 f(Xilﬂl)
5= B<

m
| 121 £(Xy |Ho)

where £(X,|H,) s che density cf the 1™’ obssrvation under H,,
j=09,1. '

- p1m
Pom

_la
<A =33

P
If Blﬂ 2 A, then the data indicate that H, 1s significantly

On .

more confistent with the observacions Chan HO, wich_the resul*

that H, 1s rejected. Similarly, H, 1s accepted if —*% s B. For
Pom

thie problem the observed maintenance timesc cen be classified us
being less than or equal to T or less than or equal to ¢, gen-
erating the two random vsriables Nm(T) and Nm(t) as defin2d

above. Then 1t can be shown that




Pyn ™ BIL(T) = K, H(t) = k)

yko

1 K, = -
= kox‘tl!%;‘-kc‘kl"-r (l'pJ (pd-qd) 1 koqdm kl) J =051

which is a trinomiel probability function (the third variable is
the number of ob3servations grester than t, which is always equal
to m-kl). When the above expreasions for Pom and Py, are inserted

into the basic inequality, the resuit after taklng logarithms
and simplifying 1s as given above in the Declsion Procedure sec-
tion. -

For the expected sample-size equations, the basic formula

is
L(H,)4nB + [1-L(H,) }J/nA
E(n'HJ) - ._(__Jl_.:ﬂ.i_l i
E;[“?‘mﬁgr]
where

L(HJ) = P[accept HOIHJtrue] (L(Ho) = l-a, L(Hl) = B)
EJ 1s the expectation operator unc..' the conditlion Hj true
Since f(XIHJ) in this problem is equal to f(Nl(T), N](t)|H1),

the: N, (T) N, (t)=N, (T)
en £(8,(T), Ny(8)[E,) = (1-p,) 1 (pj_qj)[ 1(t)=Np (7))

[l"Nl(t) ]

'qJ forj=0,l
where
Ny(T) = {b 1L X>T N (t) = {? Xyt
N if XS T LIrist
Then

- £(X|H,) 1-p, C L /P17%
)| oy - ‘“’a”’(ﬁ;) + (pyaydid geogs) +

4
qJ 3!’(‘*1%-)-), for J =0, 1

which 18 the dsnomirstor of the samnple-size equaetlon
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Example. Assume the following set of hypotheses fur a test |
for which a@ = B = 0.10,

Hyt 0.25 hra. = median = 50°" percentiie, 1 hr. = 95%h
percentile -
le 0.25 hrs, = 35th percentile, 1 hr. = QOth percentile

In terms of the notation used, the following 1s equivalent:

0: 0.25 = T = xO.so, 1.0 = t = XQ.OB

ng 0025 = T - xo‘65’ loo = t = x0.10

T =0.25, v = 1.0, Po = 0.50, 9 = 0.05, P = 0.65, q) =

0.10

Then
IrA = fn9 = 2.1972, fnB = n(1/9) = -2.1972
¢ = 21'15—3% = -0.3567, D = gnb—% = 0.2007

E = lnﬁfag = 0.69315

The acceptance voundary is a, = 2.1972 + 0.69%2n
The rejection boundary is b, = -2.1972 + 9,6932m

The tast statistic 3is
Nm(T)(D-C) + Nm(t)(E-D) = 0.5567Nm(T) + 0.4925Nm(t)
where

Nm(T) 1s the cumulative number of observations less than
or equal to T = 0,25 hrs.

Nm(t) 18 the cumu'ative number of observatlons leas than
or equal to t = 1.0 hrs.

= g s e e e~ T W T R e




For the expected sample sizes, E(n|H,) = 34 and E(n|H.) ~ 33.
These expected values correspond to a fixed-sample-size require-
ment of almost 80 observations (see Table XXXVI).

If the hypotheses of the example of Test Number 6 are con-
verted to two criticel maintenance times g0 that Test Number 14
can be applied, the expected sample sizes are 35 if Ho 18 true

end 32 if Hl is true. These values correspond to the expected

sanple sizes of the Test Number 6 application of 2§ &nd 26,
respectively, indicating the greater efflciency of the parametric
test,

7.4 GUIDELINES POR TEST SELECTION - NON-BAYESIAN TESTS

7.4.1 TIntroduction

Pourteen differert non-Eayesian tests that can be used for
maintainability demonstration have been presented in Subsection
7.3. ‘In thls subsection, gu’delines are presented for selecting
the test thet is appropriate for a particular situation.

7.4.2 Summary of the Fourteen Tests

Generally, the factors assoclated with the maintainability-
demonstration program will restrict the cholce of test to one of
two altermatives. Table XXXIX sumnerizes the fourteen tests with

respect to ten najor factora that are relevant to the choice of
method. . '

7.4.3 Decision Tree for Selecting a Test

Table XL 1s a decision tree derived from Table XXAIX; it
indlcates which test will meet requirements on type of sampling,
distributior assumption, and parameter specification. Thus, s
fixed-sample test of the median based on & lognormal assumption
should be beea2d on Teut 2.

Seversl alternatives exist in the tree. For example, both
tests 3 and 4 are percentlle tests based on a fixed sample size
and logrnormal assumption. PReference to Table XL or Subsectiions
7.3.6.4 and 7.3.6.5 revea.s thal test 3 is a test of a critical
percentile (p 18 fixed), while test U4 1s actually a teat of &
eritizal maintenance time (T 1s fixed), although both have a per-
centile mpecification for the null hypothesis.

The distinction between the nonparametiic teats 9 and 10 is
similar. Sequential test 6 differs from tests 7 and 8 in that 1t
- 18 based on 2 Joint <vecification. Tests 7 and B differ in the
seme gense &3 tests 3 :.al 4. Test L1 differs from test 12 in that
the forme> 1o a test of a medlian and Mmax specification without

regard fo distributional form,- -while the latter 18 & test for a

specific lognormal distribution, which is defined hy the pair of
apeciflied pearameters.
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IC is still necess
and paremetric (lognorm

to choose between fixed or sequential
or nonparametric tests.

n.atives have been discussed in Section IV.

TABLE XL

DECISION TREE FOR GUIDANCE TO TEST SELECTIUN

These alter-
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Figed;Sagplﬁ Tgst Seouential Test
i L A A 6, 7. 8, 13, 14
Nonpara-
normal -
Distribution ﬁfge’ 3, getiéc Lognormal Ng:g:{:
Assumption 5 5 1i, 13 6,7, 8 13, b
£ T Tl L1 i
o] f= ] n HEE t~ N —
Paranster all sl ol ~ stlo || 2f & W
Specification [§|12|]|™||4 SN IEIE IR s
£ Jg I? g IS - H ;’:‘ t~ .3 PRy
- [+ ()] L ™ o
§ i adl]—t]s = ©
Ul =133 EHE :
¢
— |8 1|8l B e
- o 2ix
' n, ' a: [/
J
— L] = s
*
Not applicable.
7.4.4 Combinations of Two Tests

In some cases it may be desirable to use two tests -- for
exarple, tests 1 and 4 for a combined mean/percentile test.

Where




separate sanmples are tc be used for each individual test, the
Individual test riska can be determined frozm overall risks as
follows:

Let ¥ and ¥ be the parameters tested by the two tests, with
Yo and ¥, representing desirsble levels and Y, and V¥, representing
undesiratle levels. The overall test risks are defined as follows:

Plreject 1£ Y

a 70 ard V¥ = 1’0]

Placcept if ¥

A 7, or V= v]

1!
Then, if w4 and B4 represent the test risks for the 1th test
(1=1 or 2), under the assumption of independence, the following
rule should be observed:
Choose ay and ap such that
(i-a;) (1wy) =1 -«
and

chonose ﬁl and B, such that
31 +Bg"3152’5

This rule allows for assigning importance factois for one
test over the other. If both tests are considered equally im-
portant, the results ere as follows:

1

1- (1-a)°

@ T @

1
By =B, =1~ (2-p)°

i
!

7.5 BAYESIAN TESTS
7.5.1 Genersal

Tests for which prior informetion is incornorated 1n the
decislon criterilon trrough use of Bayes' Theorem are called
Bayesian testvs. If p is the parameter of interest, prior in-
formation on p 1s avallable in the form of a density function

g(p), and n sample observations X, = (%, Xns wees Xn) are made,
Bayes' Theorem ieads to the following equality:
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(X Ip) lp)

tlplX,) = —
g HXgle) alp) ap

-

where f£(plX ) 1s the posterior density of p after the sample
observations X are observed.

L(X,lP) 1s the likelihood of X_glven p. Since p 18 inte-

grated out in the denominator, the above equation can be rewritten
as

£(plx,) = g L(X !e) &(p)

where K 1ls a proportiocnality constant. This equation indicates
that the posterior distribution of p 1s egual to the prior dis-
tribution modified by thre observed Test results }h.

A Buyesian test can be based on the prcperties of the pos-
terior distribution. For example, the posterlior mean value of
the parameter p can be computed from tne equation

Bplky = [ o f(elay) dp

-

and the accept/reject decision made according to whethe:» or not
E(plgfg falls within a desirable reglon.

There are several advantages of a Bayesian test in maintain-
abllity demonstration over so-called classical procecures. 1If
information is avellabie on the maintaimabllity characteristics
of an eguipment, then a decision procedure employing that infor-
mation in the form of g(p) rius the additlonal test laformation
zn is obviously more compiete than one based solely on.zn.

Secondly, the practical consequences of a Bayeslan test zan be
Important. If the vrior density 1s such that there 1s high
assurance that the equipment 1s satisfactory, a Bayeslan %test
will generally require relatively little additional testing. On
the other hand, if g(p) 1s unsatislactory, the product can be
nccepted only after relatively extensive testing.

188

»
m}
o AT




o N ]
B e L - A Sl Pt AN O AT ——e 2

Thirdly, a Bayesian test can be ccnstructed to provide a
control that may be more pertinent to the needs of the customer.
A classical test essentlally controis the acceptance probabllity
for specified levels of cdeslrable and undesirable product. Con-

sidering the latter, for example, the Beta risk controi is defined
a8

P[Accept!Maintainability i1s unscceptsble] = B

A Bayesian test, on the other hand, can be designed to control the
maintainabllity of the sccepted equipment by the criterion

P[ Maintainability is unacceptablelaccepc) = B

A specific Bayeslan maintainability--demonstration teat that
1s based on a conbtrol cn accepted product maintainabiliity will be
presented in this subsect:icn. Becawuse of the newness of this type
of test ‘and 1ts broad irplications, the condensed format used for
describing the nonsequential tests will be replaced by 2 more

detailed description including mathematical derivaticn .f the
test criterion.

7.5.2 Baslc Assumptions

The basic a33umptlons are as follows:

(1) The maintenance-time random variable, X, has a lognormal
distribution with parameters 6 and o where 8 = E%Q:I)
ard = Var(inY).

(2) The parameter 6 has a _normal prior distritution -rith
mean 6 and variance we.

(3) The parameter ¢= is known or can be eccurately estlmated.

Assunption L is the usual appilcation of the lognormal dis-
tribution for maintenance-time description. Date collected ind
analyzed ty ARINC Research on this and cther studies strongly
support this assumption. Furthe:r support for use of the logrormal
distribution for maintenance-time aralrses is provided in many
other studles involving analysis of observed amelntmance £imes.

Assumptlcon 2 i1s made for three reasons. Fiist, the use »f a
normal prior distrituticn for 6 allows relatively casy develoon-
ment of a Bayeslan test since it leads to a posterior distribution
that is alsc 2 rorral. (Priors That lead to = pesterior denslty
of the same Torm are called conjuga%te., Secondlv, the normal
digtributicon 'y symmetricsl characteristic and its other well known
properties rermi®s the use of easy and known methods cf quantify-
ing 'ts parameters either from subjective evaluat.or: or obsavrveua
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data, Third, the fact that so many reali variables of measurement
can be adequately descriled by a normal distrihution attests tn
its versatility. 1In the absence of data supporting & nonsymmatri-
cal prior, the ncrmal seems as reaschnable & cholce as any.

The Bayeslan test to be described does not depend or a normei
prlor for 1ts theoretical Justification. Nonsymmetrical priors

or discrete~type distributions can ve employed once sultable modi-
ficatlons are mace.

Assumontion 3 1s made primarily for simolification ig develop-
ment of the procedure. Otherwise, a prior density for -< would
also have to be employed, leading to cuite complex mathematical
gtatlistics invoiving Joint densitles. Reference 9, pp. 298-309,
discusses thils type of case. Also, under Assumption 3, %he
specified Index of malntalnability can be either the mean or a
percentile value, because 1f o2 is known, a mean or percentile speci-
fication can be translated into a specification on 6. If the

median M 1s specified, g is directly determinable from the median
independently of o2,

In Subsection 7.5.9, the date collected in thls study are
analyzed and prior distributions for avionic and ground equip-
ments are developed which, in lieu of more applicable procedures,
can be used to satisfy Assumption 2. Furthermore, several methods
for uaing predictions, data, and subjective evaluations for estab-
lishing a prior distribution for 6 are discussed. To satisfy As-
sumption 3, the data and prediction equations presented in Sub-
section 7.3.5 can be used to provide an estimate of o2,

7.5.3 Mainteinability Index and Test Requirements

The index of maintalnabllity that can be used for the test
is the mean, the median, or & percentile value. It is first
necessary, however, to translate requirements based on one of the
above indices to equivalent requirements on 6.

As for conventional tests, two levels of maintainability are
to be specified -- a desirable level (to be denoted by the sub-
sceript O) znd a minimum acceptable cr undesirable level (to be
denoted by the subscript 1). T:ble XLI shows the conversivn of
mean, median, and percentile specifications to equivalent speci-
fications on €, assuming that o2 1s known.

Given that two values of 6, 6, and 6, (91 > 6,) are speci-
fied, the rejuirements on the Bayesian test that are considered
here are as follows:

+ Requirement I: If 6 s 90, the probability of passing the
test is "high.

- Requirement II: If an equipment passes the test, the prob-
ability that 6 is greater than 91 8 low.

-~
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CONVERSION OF VEAN, MEDTAN, AND PERCENTILE SrECIFICATIOHNS
TO 6 SPECIFICATIONS -- o< KNOWN

Specified Values Equivalent Specificaticns
] .2
Mean o GO = 0n kg = © /2
ey Gl=6ru1—o/2
Median ¥, 69 = 4n M,
M percentile X = T 6 = In T - 70
P 0 0 G p
Xp = T1 61 = [n T1 - Zpo

These two test requirements can be stated more precisely as
follows: Let ‘I'n be some calculated statistic based on a sample

of n observations of wraintenance time. Let T* be some preselected
critical value for decision such that the equipment passes if
Tn s T* and faills 1if ‘I'n > T*, Then the above two requirements

can be written as

Plv, s ™6 =6,]=1-a (1)

P[6 > 91'Tn s T#] s B, (2)

If it is assumed that « and Bb are specified, the only un~

knowns in the above two equations are n, the sample size, and T*
the critical value for the statistic Tn’ The obJjective of the

Bayesian analysls 1s to determine these two values.

The requirement expressed by Equation 1 1s the usual pro-
ducer's risk control, whereby there i1s a high probability of
acceptance if the mean mainternance time or man~hour value is at
the desirable level. ‘

The requirement expressed by Equatlion 2 offers the consumer
assurance that the maintainability level of accepted equipment at
least meats a minimum requirement. The notation Bb is used to

distinguish the Bayesian risk from the classical Beta risk. ;n
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actuality. Equaticn 2 represents a control on the upper (l-Bb)
percentlile of the posterisr distribution of the parameter 6.

A test based on the requirements I and II 1is believed to
represent the viewpoints of the producer and consumer better than
the conventional test. The producer, in hls own best interest,
will attempc to provide equipment that equals or betters the 90

value, but he would like high assurarice that 1f he does, nis equip-
ment will not be rejected. This assurance 1s provided by require-
ment I in the same manner as conventlonal procedures.

The consumer's best Interests are served bty the more direct
aporoach of assuring acquisition of satisfactory products (in a
distributional sense) rather than controlling the probability cf
accepting poor product. This direct control 1s providea by re-
quirement II. _

7.5.4 General Bayeslan Formulation of the Test

Let 6 be a paremeter of a probability density function that
has a prior density g(e). Let Tn be a statistic based on n

observations whose distribution depends on 6. From Bayes' Theoremn,
the posterior density of 6 is

£(6fr,) = & L(T,l6) &(e) (3)

where

k= [ uz,le) g(o) e

L(T,|6) = likelihood of T given's

Equation 3 provides a means for evaluating thé distribution
of. 6 given the statistic Tn' In designing an accept/reject demon-

stration test that 1s to meet requirements of the form represented
by Equation 2, the sample size, n, and the critical value of Tn’

say T*, are to be determined beforehand on the basis of the know-
ledge that the decision process will be such that Tn s T* will lead

to acceptance and T > T™ wlll lead to rejection. This type of

Bayeslan consideration involving future decisilon actions based on
the results of testing 1s a form of preposterior analysis as
defined 1n Reference 9, page 70.

From this viewpoint, the "given" portion of the posterior
density of 6 can be extended to be the information Tn s T*%, and

the posterior densiiy to cconsider 18 defined to be
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where

-~
i
™
—
e
[
=

n|e) g(8) dT a6
-03J -0

7.5.5 Derivation of the Posterlior Density

In thls subsection, a closed-form espression for f(elTngT*)

is derived unger the assumptions listed above. Because of the
normallty of an, the natural statistic on a test of g, the ex-

pected value of ¢/nX,1s the arithmetlc mean, which 1s defined by
the equation

n n
.'z, ﬂnXi b z,
T . 2=l = 1=l (5)
n n n
where Z1 = znxi . Then the likelihood of Tn is
' T (T -g)°
- T -6
L(Tnle)=—”ﬁ—e 20" 'n (&)

AT

From Equation 4, i1f T* is the critical value, and y(8)~N(®, w2f

then _'9'_)_2 5
- g2 T* = (T,-6
o ) = d L@ éfz R Ak
f(GTnST)-K , e 4T
W Lo Ch/ﬁ_ n
(7)

h 2
where ) (g-B) - ._112. (Tn 3 9)2
L = 5H f o &T T dT do .
_mw-’éTr- ‘o g/2m R (8) :

To eveluate Equations 7 and 8, the following approximation
for the cumulative normal probability function, Reference 10,
will be used:

v2 172

: j—ﬁe' o 3 [1+ﬁ(v)<1- e % ) ] (9)
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where

(011 vso0

V) = 1
11f V>0

After the normalizing transformations

K (T -0) 6.7

1
T8 crre— v————— a LD me—
t!l g 2l Kl

are made and the cumulative ncrmal approximation (Equation 9) is
applied, Equation 7 reduces to

£(e|T, sT*)

£(y|T, sT*)
2

- e (BN
= e [1 * Q(B"yw)<l'e i >(10J

where ' ‘

A e g% and B = T% - 0

™

From the defining normalizing property of K,

2 -
2K = f_w = -y /e [1 + Q(B-yw)(l - erAB-yw)T/2 4 '

-y2/2
=1+ [ ® AB-yu) PF‘ (1 -2

A(B_W)e)l/zdy

To evaluate K, the series expansion is used:

1 - . .
(1-X% =1-%2-X/8-...-0X-...,lxl|

-] .
=1-3 cl,}ck
1=1 =
) |(1.5 - k)C, 4
k K

A (Bl /2 .
imating the term (1 -e A(B-yw) j‘ «

where C; = 1/2, C , k=2, 3,... for approx-

After squares are completed and the cumulative normal
approximation is used, the final resuit for the posterior
density is as follows:
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£(9IT gT*) =
G T (1e-0)% 1/
- _nagc (T%-8 i
: Lﬁ-?—-[m('r*—e)(ue / ]
_:::e =W
__{an =
2B 1/2 - £ 210k
1+Q(B/w)<1-e'” F\/ -5 ck,/"E"ke kQ(Rk)(l-e- TEy k)
k=1

where m = an integer large enovgh to yield & g0od approximation
. /2
for the series expension of (l -2 -A(B—yw)2>l’
E, = (2kAw® + 1)~1
Rk = B/w - 2kABEkw

7.5.6 Derivation of cumulative Posterior Probabilities

The results of suksection 7.5.5 are now used to dave;op an
expression for the curulative probabllity function P[esel;TnST*]

.

oince

6
1
Plose | ar¢ ] ~ [ st0lm a)ao,

from Equation 10
Y1 4 -y%/e ) 2 1/2]
Ploss|T a1 = Zx [ = [I-Q(B-yw)(l-e‘“s‘y"’) |
- (12)

integrals because of the nature of the Q function, the two
mutually exclusive cases yis B/w and y1>.3/w are 2onsidered

A
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cese 1: Vs B/w

For Case 1, Q(B-yw) = 1 over the range of integration on y
and Equetiuﬁ 12 can be rewritten as

5
- N P2 R - /2

Plose, |IT sT*] = %Kf e ¥ /‘[ L+(1-€ A(B-yw) /\ }dy (13)
-2 B ' -

The result of using the series expansion for the radical
and completing the square 1n the exponent, as was done for
evaluating K, is

Plose,|T sT*] =

y 1 12
m it _m—(y-2KABE, W)
2f LV g y O g MABE ST L PR K gy
. k=1 Y BB,
4 'F‘IT =0 k
Employing Equation 9 after standardizing the normal densi-
ties resulss 1n
1 y /?
#] = £ 42|71~ dn ljl
P[eselITnsT ] IB'\‘JL [1 .-Q,(yl<l-e
2., 2 12
_3 ¢ 7B €7 -kAE® By (14q( z, ) 1-€"k k> jk
k=1 X \
(14)
where
Zk = Yo = 2kABEkw
Case 2: y,> B/w

Fcr Case 2, the following equation is first considered:

T 1 rmﬂi'f 1 -A(B-yw)e\"/z.

Ploye | Tam) = 3 [ S [ +Q(B-yu] 1 ) Jay
y, 7

(15)
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Since y, >B/w over the range of integration,Q(B-yw) = 1.

Employing exactly the same approach as for Case 1 results
1)1

m 2 "%‘ Zli e

4 - 4 -

Poy0, | T sT*] = 7% 2 OEE WAL Ek[l-Q(Zk)(l-e k \/ ]
(16)

Then
Pleso,!T sT*] = 1 - Plgre,!T sT*]

Substltuting for K rroduces the following final results:
yl §B/W

[ S el C_;_
N ] ?-L“Q(yl)F(Vl)] 2 oo ()]
LlaéallTngT*] = k (18)

2[1+Q(B/W)F(B/W)]' %;lekQ(Rk)F<§§§)

> B/w

T —

% le[l-Q(Zk)F(Zk/'/E;)]

P[eﬁellTnsT*] = ] - -I-_—— "
5 HRBMREM) |- 5 QR IPRAE)
(19)
where ~
2
0. -7 | -2 ¥ 1/
y, = —i— F(X) = (1-6" ) /
- e 1 ARS
L e 6, = CJ/E, e KB Ey
B=TF-g - X s0
e Q{x) ‘L%g%;o
0= 1/2
R, = B/w - 2kABEkw
(1.5-k)C, |
O =|———=s k> 1 z OKABE
I P k = yl - kw

E_= (2xAwS+1)"L
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7.5.7 Maintainablllty-Demonstration-Test Application

The results of Subsection 7.5.6 can now be used to find fhe
sample size 1. and critical value T* such that

P[L sT#le= 6] =1 - a (20)

P[e>ellTngT*] = B, (21)
whera n n

2 Enx 2. =
p =i bt _1=1!
n n - o
2

Since z, 1s N(6,0 ), T is N(e,cg/n), then the requirement ex-

pressed by Equatlon 20 can be rewritten as

T* n ( )2
-~ 2 (T -8
In_g-2 n”o ar_ =1 -a (22)
=00 '/271'0'
or
T* -9
¢( €\ =1 -a
o/¥ n
where ¢ ( ) denotes the cumulative normal probebility func-
tion.

If Z, equals the normal deviate defined by ¢(Za) =1-aqa,
then, from Equation 22,

T -Go .
-——-—:ba
o //mn
or
T* _ 6, + Zy /M (23)

The second test requirement (Equation 21) 1s equivalent to the
equality

1 - Pls6,IT 2T*] =1 - B, (24)

where P[9s6,IT sT*] 18 obtained from Equation 18 or 19.

/
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Equations 23 and 24 are then sufficient for ¢etermining the
n and T* values to satisfy the c¢. and Bb risks. A generalized

computer flow chart for obtaiining n and T* given q, Sb’ 8 ,% 1’
— sty '
6 W ,and g “,1is presented in Figure 7.

tandardized sampiing-plan tebles have been developed by

using this flow-chart procedure. In Equatinn 12, it 1s seen
that P[e;allTnsT*] depends on only three constaents:

S et
B_T* -8 _ o F + ZGU/VE- {irom Equa-
w W W v tion 23)
2n
A= o?

For a given a, the above three constants determine an equiva.iertc
set of constants that can be used as indexing parameters:

_ & -6

X =
n
y=9-86
W
6~ 6
Z =

w

Sampling plans in the form (n, T*) can then be developed
from the entires a, B, Z, and Y to yield a value for X.

Then, from the definition of X, the sample size is found
from the equation

P

B =
(01-6,)

and then given n, T* 13 found from Equation 23. Tahle XLII pre-

sents the X values for all combinations of the following peram-
eters:
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Read Test-Criterioun
Parameters:
O0r 0yr @ By i
Read Prior-Distribution N
Parametérs, U, w® and
Constants 02, M
1
n=7J
b
i
i
43
18
'S n=n+1lf*
‘ -
=3 Compute T*,
i - Eq. 23
..-:"_g: -
Printl n, T#
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a = 0.05, 0.10, 0.20
Bb = 0.01, 0.05, 0.10, 0.20, 0050

Y-' '1, ‘0.5, 0, 0.5, 1, 2
Z =0.10, 0.25, 0.50, 0.75, 1.0, 1.5, 2.9, 2.5, 3.0, 4.0

A value of X=0 in the table signities that the prior dis-
. tribution alreedy meecs the Bayesian risk reguirement, thus
{ obviating the need for testing.

E] 7.5.8 Example

Agsume that corrective-maintenance time for an avionic

! equipment is lognormally distributed. A maintainability-demon-
stration test 1s tc be performed with the requirement that if

the mean corrective-maintenance time u is 1/2 hour, there will

, be a G5% acceptance probability. There will also be 99%

] assurance that an accepted product will not ¢xhibit a mean re-

f reir time greater than one hour.

Prior information (e.g., that from Table XLIII) indicates that the

. ncrmal paremeter values 6 = -0.45 and w2 = 0.30 can be used for

F An estimation procedure leads to an estimate of 0.75 for 02.
i the prior density.

i The inputs resulting from the above are as follows:

¢ =0.1C, ﬁb = 3.01, Mo = 1/2, b = 1.0

I From the equation 6 = fn p - 02/2,

90 wfn 0.50 - 0.75/2 =« -1.068
91 =fn 1.0 - 0.75/2 = -0.37¢

Thus the test requirements are

: P[T sT%|g = -1.068] = 0.95

P[oa~0.375!T &%} = 0.01 '
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where

T = the mean of the natural logarithm of n observed
corrective-maintenance time

The inputs needed to use Table XLII are as follows:

a = 0.05
B, = 0.0l
9 -0 5 375
Y = " 1 = -o.u 'f' o. = e 0.137
7
= 90 -0. + 1.068
z = ‘*%IE = 1.265

For conservatism, the next higher tabular entries of Y = 0 and
Z = 1.5 were used, leading to the result X = 11.275. Then

(0. 693)

XE il.2
91 %

The critical value is then

T* = 90 aO'.' 'ﬁ

- -1.068 + 1.645 (0.866/4.242)
= -0.732 |

Thus, & random sample of 18 corrective maintenance actions are
observed. The sample mean

n
s MmX
T ‘1-1 i
n n

is oonputed. IrT n® ~-0.732, the equipment is accepted; otherwise
a ujoct deciuon il made.
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TABLE XLII
X VALUES FOR CALCULAT.NG SAMPLE SIZE, n

2
g
= =5 X
. 17 % €

Y ==1.000 )

ALPHA = 0.200

Y 4 SSsaRscRRIRRROREY CETA 2200000000000 00008
0.500 0.200 0.160 0.0%0 0.010
0.10 0.0 0.0 0.020 0.100 0.870
0.25 0.0 0.9 0.060 00343 1.742
2.0 «0 0.160 0,645 2.605
0.0 . 00 0.25% 0.911 3.182
0.0 c-0 0.352 11682 3.648
0.0 0.0 0.515 1.65) 4.430
0.0 0.0 0.633 2069 5.138
0.0 .0 0.706 2.466 5.807
0.0 0.0 0.774 2.859 B.468

0.0 V.0 1.387 3.630 7.7%0

ALPHA = 0.100

seooncesssueneese B E T A *Pes0000a0000000

0.5%0 0.200 ¢.100 0.050 ¢.010
0.0 0.0 0.040 0.190 1.410
6.0 0.0 0.140 0.600 2.652
0.0 0.0 0.325 l.124 3.706
0.0 0.0 0.491  1.485 4.5
0.0 0.0 C.656 1.802 5.07¢
0.0 0.0 0.9¢4 2.438 S.978
0.0 0.0 l.182 2,957 6.752
0.0 0.0 1.356 3.42%5 T477
0.0 0.0 l.472 3.868 8.181
0.C 0.0 1.686 4.72% 9.557

\\ f
ALPHA = 0.050

tecnssnasessvonee B E T ) Vo800600202000000
0 500 0.2C0 8.300 ¢.0%0 0.010

0.0 0.9 0.060 6.212 2.063
0-0 0.0 0.230 0.098 3.568
6.0 2.0 0.528 .34 B 9T
0.0 0.0 0.729 2. 16% 5.84%8
0.0 0.0 1.017 2.333 6,498
0.0 G.0 1.411 3.256 T.307
0.0 0.0 1a748 3.883 8,348
0.0 0.0 2.02% §.423 .31
0.0 0.0 2:249 4.918 L
0.0 [ 2.%2) %840 r.282
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TABLE XL1I (continued)
Y =-0.500 a

ALPHA = 0.200

2 dsasssensssarneses B E T A (2 X Iy Y Y Y Y Y Y Y Y

0.500 0.200 0.100 0.050 0.010
0.10 0.0 0.020 0.090 ¢.290 1.449
6.25 0.0 0.060 0.324 0.739 2.566
0.50 0.0 0.170 0.655 1.403 3.623
C.75 . 0.0 277 0.971 1.911 4.35%5
1.00 0.0 0.389 1.23%6 2348 4.956
1.50 0.0 0.566 1.853 3.118 5.994
2.00 0.0 0.697 24270 3.821 6.945
250 2.0 0.8%6 2368 %492 7.857
3.00 0.9 1.234 3,.3%6 5.145 8.738
4.00 0.0 1.789 4.275 6.358 10.401

ALPHA = 0.100

.4 a8ssdacssacsesess B ET A esssssssosssssasse
0.500 0.200 0.100 0.050 0.010
0.10 0.0 0.030 0.170 0.489 2210
0.25 0.0 0.120 0.545 1.230 3.720
0.30 0.0 0.315 1.093 2107 5.042
0.75 0.0 . 0. 494 1.499 2,788 5.927
1.00 0.0 0.676 1.891 3,340 5,625
1.50 0.0 0.997 2.631 4.254 7.782
2.00 0.0 1.258 3.256 5.058 8.806
2.50 0.0 1.443 3.835 5.806 9.773
3.00 0.0 1.609 40,308 5,523 10.715
4.00 0.0 2266 5.450 7.891 12.510

ALPHA = 0,030

F 4 ONe30%00000020000 F E T A eswcorscesssesasas
0.500 0.200 0.100 0.0%G 0.010

Gel g.0 00030 0.230 0.724 2.785
Gea (Y] 0.200 0.80% 1.751 4,882
050 G.0 0.437 1.564 2825 6436
D79 6.0 0. 78% 20139 3.690 1.449
.00 0.9 1.008 2571 4,353 2.245
Le%0 C.0 1.450 3.432 $.40% 9.310
2.00 0.0 1.826 $.175 $.29% 10.600
2.56G e.0 2.13 4,828 Tel112 11.813
3,60 0.0 20380 5.437 T-882 12.593
.09 0.0 S 604 6594 %350 14.432
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TABLE XLII (continued)

Y = 0.0
ceee . ..ALPHA = 0,2C0
z'_ -.gcﬁo&o.g;gfuqonn EET A bAd A 22T YT TN T T
0.500 0.200 010G 0.05% 0.010
6.10 0,0 0.060 0.210 0.507 1.989
C.25 0.0 0.230 0.634 10262 3.28%
.50 0.0 0.5647 1.251 2138 4.518
0.75 . _0,0 v0:862 1.795 2.825% 5;399
1.00 0.0 1e169 o275 3.422 6.138
1.50 0.C 1,769 3.149 4.48] T.438
2400 0.0 2337 3.956 5.457 8.638
2.50 0.0 2.886 4.726 6.379 9. 774
3.00 0.0 3.413 5.453 7.243 10.857
4,00 0.0 4,374 6,778 8.833 12,609
ALPHA = (,100
4 sandsaLesvnesrene B E T A SCEDBRNBBGIONTORES
0.500 C.200 0.100_ 0.950 0.01¢
1 .
0,10 0.0 0.116 0.384 0.861 2,958
0.25 0.0 0.612 1.0014 - 1880 4,636
0.50 0,0 C.889 1.84% 3.074 - bel29
0.75 0.0 1.307 2573 3.929 T.148
1.00 TG l1.669 3.174 §.640 T:077
1.50 0.0 reety) 4,207 $.854 9.401
2.50 0.0 3.779 5.995% Te950 11.896
3.00 C.0 44396 6,823 8,914 132.956
4,00 0.0 5.545 5.335 10.678 15.216
ALPHA "0.050
2 CossenL .8826A8%e B FE T A cooscenesscasesss
0.500 0200 0.100 0.059 0,010
0.10 0.0 Ge160 0.533 le222 34940
0.2% 0.0 0.569 . 1e%4Q - 24559 5.96%
0.%50 Ce 14248 2.503 4,028 TelDe
G.7% 0.0 1.820 3.368 5.041 8838
1.00 S 20289 4.091 5.856 .74
$:50 . Qe 3.128 5.27¢ 74206, 11.27%
2.00 0.0 3,95 $.300 0. 380 $2.62%
2.50 0.0 40687 7.244 %.467 13,898
3.0 - ¢.0 5.372 8.143 10,499 15.124

§.0r . 0.0 6,662 %.806 i2.411 ;?63“
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TABLE XLII (continued)

Y = 0,500
ALPHA = 0.200
2 sssesssansasnnase B E T A sscesssssoccssssss
0.500 ¢.200 0.100 0.050 0.010
G-10 0.020 0.130 0.386 C.752 2.480
0.25 C.060 0.461 0.979 i.726 3.930
0.50 0.180 0.989 1.856 2.825 5.326
0.75 0.317 1.520 2.573 3.685 6.352
1.00 0.45%0 2009 3.217 4.43% 1.230
1.50 0.698 20926 4.392 5.782 8.804
2.00 1.077 3.782 5.467 7.008 10.242
2.50 1.468 4.584 6.461 8.162 11.586
3.00 1.821 5.325 7.381 9.188 12.63%
" 4,00 2.630 6+697 9.091 11.148 15.215
ALPHA = 0.100
Y 4 descnnesscescseses B E T A scessesnssavssess
0.500 0.200 0.100 0,050 0.010
0.10 0.030 0.220 C.612 1.231 3.505 S
0.25 0.110 0.725 1.485 2,536 5.420
2.50 0.296 1.461 2.645 3.932 7.072
0.75 0.500 24136 3.537 $.957 8.234 .
1.00 0.715 2.755 4,305 5.825 9,209
1.50 1.136 3.850 5.652 T334 10.909
2.-00 le442 4.844 6.865 8.689 12.449
250 1.783 5«.T72 7.986 9.942 13.892
3.00 2344 6.638 9.026 11.103 15.239
4.00 3.219 8.189 ;)0.903 13.214 17.742

ALPHA = 0,050

y 4 sneaesnecaceoendsy B E T A scossncassessassss
0.5C0 Ge200 0.100 0.050 0.010

0.10 G.040 0. 343 0.870 le 734 4.728
D.25% 0.160 1.017 2,067 3,362 6.880
G.30 0432 2,000 3.448 5,043 8.755

0.73% 0.716 20746 4.515 6.219 10.041 )
.00 0.99¢ 3.513 5.3%6 1190 11.096
1.50 1.333 4,781 6.894 8.838 12.901
2,00 20005 3.893 8.217 10.2%4 14.518
230 2.383 $, 922 9.440 11.641 16.034
3.00 2.492 T« 885 10.577 12.8%4 1T.461
4400 3.504 9.613 12.613 13.1%3 20.083
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Y =1.000
— — . ALPHA = 0,200
A bantussasannsnsve
0.500 0.200 0.100
0.10 0.040 G.220 0.533
025  0.16C 0,696 1.363
0.50 = 0.439 1479 20543
Qa5 00719 2,190 __ 3.342
1.00 1,063 2.847 4.148
1.50 1.745 ' 4,080 . 54503
2.C0 24390 5.160 6.902
2.50 24986 b.158 8.076
3.00 3.542 1,087 9.171
4e00 4.605 8,875 11.282 _
ALPHA = 0.100
4 tesssssecesncanns BETA
€.50C 0.200 0.100
0.10 0.060 0.386 0.872
0.25 0. 250 1.078 1.982
$.50 0.661 2.080 - 3.381
0.75 1.070 2,974 4.455
1.00 1.449 3.762 5.391
1.5 2,288 5.179 1,040
2.00 3.101 6.450 8.506
2.50 3.845 7.601 2?.828
3.00 4.525 8.649 11.034
4.00 5.742 13,582 13.282
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~ TABLE XLII (continued)

0.10
0.25
0.50
0475

1.00
1.50

2,00
2.50
3.00
4.00

1972191

ALPHA

RGO BERNBIREDRIRNRORNS

0,500

0.090

¢.370
0.899
. 1.430
‘1.928
2.783
3.786
4.664
S5.462
6.860

= 0,050

0.200

06.523
1.481
2:589
3.77%
$.68T7
6.275
T.687
6. 965
10.12¢
12.2¢5

0.100

¥
1.223
2.540
4.330
5.568
64617
8.430
10.028
ii1.47)
12.783
15.1%1

BETA

0.050

1.043
2.193
3.489
. 4.518
5.427
7.044
8.483
9.786
11.002
13,363

06050.

1.600
3.4l
4,733
5.932
64958
8.756
10.354
11.794
13.116
15.598

BET A ssessescessssnses

0.010

2.931
4.511
6.080
7.2%9
8.290
10.130
11.779
13.287
14.707
17,483

teacaaReNeRIBINGS

0.010

*0111
6.122
7.938
9.255%

. 19,582

12.365
14,043
15.764
17.27%
20.3153

S ILAITTTTTTY T PP
0.050 06.c10
2:224 S5.41¢
6.102 T-5684-
3.967 9.719
7.318 11.15%¢%
B.445 12.365

10.394 14.4960

12,312 16.33¢

13.666 18.0%5%

15.084 19.64%

17.5882 22.613
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TABLE XLII (concluded)

Y = 2.000

ALPHA = 0.200

r aRGeRecsdesantned B E T A eecsccoencansases

0.500 0.200 0.100 0.550 0.0190
0.10 0.110 0.478 0.976 1.692 3.844
%.2% 0.4%6 1.345% 2,211 3.195 5.698
Ce50 1.129 2.57¢ 3.722 4,898 T.622
G.75 1.809 3,635 %4957 6.245 9.1:1%
i.00 Lo 449 4.578 6.036 T.419 10.407
1.50 3.609 6.216 7.890 9421 12.638
2.00 §.0%4 T«651 9.495 11. 157 14.580
2.50 5.657 9.005 11.009 12.788 16.4619
3.00 6.6%0 1G.341 12.501 14.40C 18,222

4.00 8.604 12:964 15.452 17.6923 21.865

ALPHA = 0.100

Y 4 4800800 reses B £ T A sccsssssssesensee
0.500 0.200 0.100 0.050 0.010 Cs
0.10 0.170 0.735 1e%72 2.483 5.315
0.28 0.660C 1901 3.104 40391 T.513 -
0.50 1.518 3.46]1 4,929 6.393 9.685
0.7% 22397 4.723 56361 7.925 11.325
1.CC 3.198 5.830 759% 9.236 12.731 )
1.50 4.608 T 124 9.689 11,468 15.155 )
£.00 5.830 9.336 11.466 13.366 17.236
250 6,946 10,801 13.085 15,095 19.153
3.00 8.023 12.215 14.649 16,771 21.037

4.00 10.139 14,998 17736 20.097 24,747

ALPHA = 0.050

¥ 4 099000»0&»090«#&& B ET A cspessscssassence
0.500 0200 30.100 0.050 0.910

0.15 0.2490 1.219 2.020 3,29% 6.T87
D.25 0.278 2489 %< 004 5.530 9.260
0.50 1,960 40354 6ei21 1.84% L1l.543
Py 4] 2.9%9 5.797 TeT19 %.532 13.404

1.00 3.929 7.048 9,081  10.962  14.90%

150 5.572 Fe19% 11.382 13,382 17.4717

2.00 5.949 10.929 13.312 15.421 19.684

20”‘ '0‘” 12.%02 15,030 17,243 21.678 =
3.60 9.3%3 13.98% 86658 180.977 23591

6,00 i1.%09 18.380 19.85%0 £2.399 27.400

e %
1472131
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7.5.9 Prior~-Distribution Analysis

The yrior-distribution input of the parameters & and W 1is
a controlling factor in the tveat. In fact, as shown by the tab-
ular values of Table XLIII, X = O if the prior distribution 1s
good. Then, ctheoretically, no testing 1s necessary, although ir
practice this decision would not normally be made.

Prior-distribution development has always been a trouble-
some &rea in Bayeslan statistics. tiowever, the evidence that
Bayesian methods are being used more than ever {e. g., in reli-
ability demonstration) will provide inpetus to cdeveloping appro-
priate procedures and data. In addition, the current emphasis
on establishing centralized Covernment and industry reliabllity
and maintainability data banks will provide a good sgourge of
historical maintainabllity data. )

At the moment, the following are possible sources of in-
formastion for us: in developing prior distributions:

5 Maintainability predictions and assesements
Previous demonstration tests

Observed maintainability of similar eguipments
Design and development tests N

hP
Subjective evaluations

These sources are discussed briefly in the following paragi‘aphs.

Maintainability predictions and assessments can provide use-
ful data through (1) analysis of past relationships between »re-
dicted and observed meintainebility, (2) confidence-interval -
estimates such as those provided through prediction-by-function
approaches, and (3) use of severa) acceptable sets of prediction-
input data.

Procedures are available for using the results of previous
demonsi¢ration tests as prior information for subsequent tests.
This is a natural application of“Bayesian atatistics.

Products similar to those under test are an important data
source. Thelr observed maintainablility characterictics are
valuable data, but differencea in design, part rellabliity, de-
sign maturity, environment, etc., must be accov—ted for.

As the equipment progresaes through development, variocus
engineering tests are parformed on parts, asgemblies, and com-
ponents. While these teats may not be designed to provide es-
timates of mainteinatility parameters, such estimates cen be
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obtalned if appropriate recording proczdures are established.
For example, all mairtcnance times on a design-conformance test
should be recorded to establish benchmarks. This information can

then be used, for exzample, t9 adjust maintalnabllity predictions
based on paper designe. : -

Subjective evaluations are quite controverslal, btut at this
time 1t 18 unlikely that sufficlent directly applicable data are
available for developing prior éistrikutions; englneering judg-
ment will be required to adjust exlsting data to the problem
and to use qualitative appralsals as necessary. In any case, it
i1s important that the producer and consumer agree on the appli-
cabllity and realism of subjective evaluations used for prior-
distribution analysis. Research is being conducted on the
quantification of personal judgments for Bayeslan applications,

and specific approaches have been developed (see Reference 1l
for &n examp1e§~ )

Three very simple methods for estimating 6 and w2 are out-
lined below.

7.5.9.1 Method 1 - Use of Historical Data

The maintenarice-time data that were collected for 21 equip-
ments dGuring this study have been gnalyzed to obtain values for

¥ and wg, the mean and varlance, respectively, for the normel
prior densiiy required for use in the Bayeslan test. These
values are presented in Table XLIII for eight categorles repre-
senting various combinations of environment, maintenance index,
and inclusion or ©xclusion of ne-trouble-found actions.

In the absence of more pertinent deta, these values can be
used as prior informetlon or can serve as 1lnitlal values to be
modified by predicticns, sul'sequent development tests, and sub-
Jectlive-type analyses.

T7.5.9.2 Method 2 ~ Use of Predictions

Maintainabllity-prediction procedures such as'those pre-
senved in MIL-STD-472 and in Volume 1 of this report constitute
a means for obtaining e normel prior if "pessimistic" and "op-
timiatic" prediction inputs can be reasonably calculated so thet

pessimistic and opﬁimiatic predictions will be obtained for the
mean . or median, M.

Iv 18 recelled that<:2 is assumed to be known either
through use of the tabular values given in Table XXVI or through
the prediction procedure of Subsection 7.3.5.

210
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TABLE XLIIT

il | OBSERVED MEAN AND VARIANCE OF ¢ FOR
NORMAL PRIOR-DISTRIBUTION ANALYSIS*

No-Trouble- Ng-Trouble-
¥ound Actions Found Actions
Included Excluded

System Type

Mean, |Variance, { Mean, |Variance,

] e 7} e

Avionic Systems

Corrective-Maintenance Time {-0.451} 0.299 1-0.297| 0.287
Corrective -Maintenance iian-
Hours 0.007 0.550 0.165 0.540

Ground Systems

Corrective-Mainsenance ime |-0.442| 0.214 [|-0.545| 0.190
Corrective-Malntenance Man
1 e Hours L 0.058 0.226 0.129 0.167

¥A11 g filgures shown are based on times recorded in hours. To
. convart to minutes, add 4.094 to the tabular velue. No con-
version 18 necessary for the variance values.

Glven two predictlons of the mean -- say, Wys the lower or
pessimistic vealue, &and Mgy the upper or optimistic value -- there
are two equlvalent predictions of g

2]

2
=y -0 /2

2
GU = fn Wy = © /2

If median values are predicted -- say ﬁi and ﬁﬁ -= then




LR TR

6, = A M
GU = fn MU

If it is assumed chat the range (GU - eL) encompasses
100x(1-p) percent of the total of possible values of g and ‘hat

o

the test esbtimate is at the midpoint of %he range, the following
prior estimetes can be used:

= -6

) e = -ls—-'g-—
2

2 _ {6y -6p)

W
! Y

whez'e.zp/2 1s toe normal deviate ccrresponding to the {(1-p/2)
percentile.

Another procedufe 18 to use a pradicted value for Ky say
., and 100x(1-p)%& confidence limits fo. o> from the prediction
procedure of Subsection 7.3.0. if GQL and 02U Treprzsent the
100x(1-p)# confidence limits, then

’

~ 2
. : 8, =dny - ¢ U/E

i

A e
8y =4n u-g L/2

ené, as above,
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where Z 2 in this case represente the nomal deviate corrzspgndp
ing to & 100x(1-;)# confidenc:. T~vel assocciated with the ¢ g, and
oy vaLues, The_value of o° to use in the test should e the
point escimate 7 unless there is reason for using & mere con-
servative value.

1.5.9.3 Method 3 - Subjective Hethode

Instead of predictions, subjective evaluations wmay be used

for obtaining § and w?. For exsmple, suppose the following is
belleved to be reasonable: : : \

(a) There i1s & 50-50 chence that the meen corrective-.
maintenance time i1s less than 1 hour.

(b) There 1s only a l2-percent chance that the mean
is over 1.5 hours. .

(¢) There 1s only a l-percent chance that the mean 15
:ess than 1/2-hour.

2,
From the relationship p -=ea+‘“ /g,'thc following are
equivalent statements: -

y

2
(a) Ble ¥t % /2. 50.5] = 0.01

9402/2

(v) Ple # 1.0] = C.50

2
(e} Ple 8% /25 151 = 0.90

Assume & value of 0.8 for 02.

Taking logarithms and substituting rumerical valuer lesas
to the following:

(a) e & - 1.993] = 0.01
(b) Ho & - C.4] = 0.50
(¢) H # £0.006] = 0.90

From the normal prior assmmpticn for §, the (h) relation-

ship establishes that § = -0.4. Two possible wa values are as
follows: : .
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Prom (a) and (%)

-1.093 - (-0.4)
. e =%.99 ~ %9.50 = -2:33

(93 of

From (b) and (c)

0.006 - (-0.1%)
- =25.10 = %5.50 = 1-28

or

. wQ = 0.101

Averaging these two values yiélds an estimate of w2 = 0,0095.
7.5.9.4 Comment

"It 1s emphasized that the three methods described above
are quite simplified and that, in fact, a combination of all
three may well be used in conjunction with maintenance data that
may be avallable on similar equipment.

IT a Bayesian test of ths type described is to be performed,
managenent must ensure that necessary tests, data collectioen,
and data analyses take place during the development program for
use n estatlishing & prior dlstribution or modifying one
develsped early in the progran.

A
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SRUTTON VIII
TEST ADHINISTRATICH AND MMPLANENTATION
8.1 GENERAL |

Vearious administrative and prccedural wpects of the mein-
tainability-demonstraticn program ave discussed in Chis section.
Many of the guldelines end recommendations ave a result of 8
study of previous demonstraticn-test plm, results, and cri—
tiques X3 .

8.2 TEST SCREDULING

Table XLIV, which 1s abstractad from Attacrmmt 3 of Mr
Force Regulation 80-14, Test and Bvaluation of Systexs, Jube
systems, and Equipment (R&D), pumnmarizes the three malor Afr.
Force R&D test categoriles.

Ideslly, a maintalnability demonstration should be m
uled fcr each test category. Category I tests st {he squizesnt
lavel can provide informstion for improving the mmmm:w
design before large-scale production build-up.
changes, integration pr hlems, and maintenance policieés and
procedures can be evaluaced during & Categury IT test. E cuh
egory III test will permit &5 realistlic a measure of w&#ﬁom-
system maintainabllity as possible for final verification.
Information is aleo provided in Categovy III tasts for evelues
ting the adequacy of the maintainabllity support program in
terms of training, technicel manuais, fallure-reporting proce-
dures, etc,

By the nature and timing of ‘he tests, s Category I test
wlll probsply be based on & rauit~inuucement seupling procedure.
Either fault inducement or natural failures, or Loth, are
eqoplica,ble for a Category II test, while natural fellures shoulds
e the primary sampling approach for a Category YIX test,

In scheduling the maintainablllity-demonstration tess,
conslderation must be given to other test recuiresents {e.s.,
reliability demonstration) end the usually limitasd susber of
equipments or systems avallable for testing in the early stagus.
The tests must be conducted early enough so that ssmple-size
requirements can be met and time i: a’."“l*“‘ for iastituting
necessary deaglign or procedural changes &8 silt of the test.
Cn the other hand, the tests should be scl' uled so that neces~
sery training hos taken place, docursruntation is complete, and
information for establishing fault inducoment and ct‘*mm prooa-
dures it sveilable. Unfortunately, these two rednirements m
conflict somewhat and a compromise schedule mey m:ve be MM

23 A pwticululavalmbla refgrence in this regard is thy rwm
minﬁaimbiugz tmtion Rmﬂm wcﬁmie Cyadom,

~Z0Y,s prep
WDL Division, Decembet 1965

g




TABLE XLIV

OUTISITION TRSTING - AFR 80-12

Categoyry X Teots

Cztegory II Tests

Category II Tegts

Test Calegory
Jescription
t lop=
- ggggagzagez:éop Sy't@?ggzvgig?“°“t System Operational Test
Breluation Bvaluation And Evaluation

Development Lest and
| svsluation of the in-
: dividaal compcnents,
subgystems and, In
saprtsln cases, the
complete system un-
det sontrol of AFSC.
in adddtlion to qQuall-
fication, the testing
, provides for rede-
iaign, refinement, and
reeva‘uation as ne~
cessary including the
praoticality of using
current standard and
comnorcial itema.
These tests are con-
ducted predominantly
by the contractor,
bat with the Alr
Forge active partil -
cipation, avaluation,
 and eontrol.

B

- {subsystems into a

Development test and
evaluation spanning
the integration of

complete system in
a8 near an opers-
tional configuration
as practicable under
control of AFSC.
Suitable instrumen-
tation will be em~
ploy2d to determine
the functional capa-
bility of subsystems.
Cat. II 38 an Alr
Force effort with
conitractor particl-
vatlon, under Alr
Force direction and
control, znd with
active operating and
supporting commend
pacrticipation. Ac-
tual test opsracvion
and maintenance
should be perforaad
by miiltary ) 70
nel who have re-

ceived fo system

tralning.

1

Test and evaluatior of
operational systems by
operating command. .
These tests include all
componsents, support :
ltems, personnel skills,
technlcal data, etc.,
and will be performed
under as nsar opera-
tional conditions as
practicable. ¢Cat. 1II
testing will be con~
ducted, usling a config-
uratinn as Jjointly
agreed by the operating
copimand and AWSC,/AFil.
Cet. III tests will be
conducted per @z, gpecif-
1c test plan. CQCat. III
testing terminstes when
preplamned objectives
of acquisition plan
have been fulfilled.

Nanagensut

—

Lonbrol: Oystems Cow-

§ med

Y Participants:

§Contractor, Using
ey

Control: Systems Com-
mand

Partisipants:
Contractor. Ugling
Comuugndy, Support
Cowrnd®

Control: Using Commands
Participants:

w, SWOI"U cm:';"‘
mands, Contractos
When Reguired

.l
HI
o
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£.3 PRIOR-INFOHHATION REQUIRRMEKTS

The use of prior information in the design, conduct, and
evaluation of a maintainability demonctration has heen discunssed
througi.out this report. Severel cof the more important appiica-
tions are rumerized in Taple XLV.

It should be & continuing effort of the maivntainanility-
demonst.cation management group &0 ensure thet il available
pertirent information is properly collectsd, recorded, znd
anglyzed. Specific offorts to cbtain necesszary prior informa~
tion should be plamned and instituted as necessary (e.g.,
speclal tests or collection of data on similar systems).

8.4 MAINTENANCE-FERSONNEL SELRCTION

To the extent practicable, the persomnnel invelved in &the
maintainability demonstration should be representative of thasza
expected during normel operaticn. The best cholce wortid be
those who will actually be assigned to the equipment for then
the specific training and experience ieccived during the Guwsn-
stration program will be of value in the future. aAchisving
representativeness involves evalustion of sklll level, cdu-a‘!x‘yiew,
general maintenance training and experience, and training &l
experience that are apecific to the equipment in question. %hess
evaluations shoald epply to both technicians wg superviscry
personnel.

It ie most desirable that the selections be mede from AL
Force personnel, and this should he stated in the contrzet unless
circumstances prohlbit such a clause. If this is pade a contrae-
tual requirement., the necesssry plamming for sélection, training,
and indoctrination can be completed early enough so that even a
Category I teszt can be performed with Alr Force persomnel. Ths
contractor will normally reguire that he be sllowed epproval of
selerted personnel; therefore, bilographical information should
be made avallable to him.

Another consideration ccicerna the number of »ersornel o
make up the maintensnce-team pool. The greater the number, tho
better the chances for obtaining. a representetive simpling of
maintenance times when technicians sre asaigned to tesks s~
domly. In addition to cost factors there iz a limit $o the
number of techniclans that showid be svalladble. If there sve
too many techniciens, with the limited sarple mige of the test,
each techniclan will perform only several tasks and thuou the
learning that wonld be accuired in operational use '8 held %o
a minimum.

It is rccommended in the Philec Report2s that & maimtensnive
teor: perform no more than six testy ani thet temm personnel ool

41piG. p. 61
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TABLE XLV
SUMMARY OF PRIOR-INFORMATION APPLICATIONS AXD DATA SOURCES

Type of Information

Selectlion of Statia-
tical Test

Maintalnability-diotri-
bution data and avall-
ability of test inputs

Application equired Sources
Maintainability-Index|Overall system require- {Concept and Defini-
Selection mente tion Phases studiles
Technical develup-
ment and program
package plans
Maintainsbiiity-~ Deta for determining Maintalnability pre-
Demonstration ke~ rea...stlc and consis- dictlons
quirements tent index valuesg Higtoricai data
Allocatlon studies
Maintainibility- Test and operatlonal Higtorical cost data
Demonatration Risk cost data Cost Predicticons
L;Yaluee ) Log;gtic analyses

Historiczl data

Englneering analiyses

Maintalnabllity pre-
dicticns and
analyses

Srmple Size and
Decision Criterion

Expected values c¢f main-~
tainability-related
paramecers

(“"5'»' "imy
/

Maint.!nability pre-
dictlions and
analyses

Historlcal data

Task-Sampling Scheme

Maintenance-tasik ldenti-
fieation and relative
frequency of occurrence

Engineering analyses ;

Maintainabllity pre-
d’.ctlong and ansiyses
Historical data

Genduct of Test

Informetion for schiev-
ingy maximum possihle
realism

H

Operational plane

Training-reguire -
ment studies

Environmental
studies

SRS
—
i et andidh s rnaren. ot atiid
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be mixed. The limitation of six tests is, perhape, somewhat
. severe, If & malntenance team coneists of two men, and 50 tasks

B are to be performed (e.g., per Test Method 2, MIL-STD-471), there

would have to be at least nine tesms, or a total of 18 maintep-
ancze peracnnel,

There 1s no aingle zorrect solution. Ccnsideration must
be given to the training and equipment-familisrization program,

; frequency of expected maintenance, planned manning levels, and
the learning effects of time compressicn., From past demonstra-

tions involving approximately 5C tas%s each, four or five teams
appear to be a reasonablz number,

8.5 DEMONSTRATION-REVIEW TEAM

The team dealgnated as responsible for the conduct cf the
test, and for observation and interpretation of {test results,
must te carefully selecteda. Such a team would normeily consist
cf representatives from Air Force Concvracts Administration, the
equipment centractor, the procuring activity, and the contractor.
Representatives of the using command, AFILC, and centrslized Rir

Force maintainabi.ity- or effectiveness-assurance offices may
also be on the team.,

An Alr Force representative should be szlected as the re-
view~-team director; he should be made responsible fei: test prep-
aration, overall direction of the test, coordination of the

reviev~team activities, and preparation and submission of a report
of the demonstra*lon results.

The review team is responsible for the following:
» Obgserving all aspecte assoclated with the meintenance-

task occurrences and determining whether they are valid
for demnnstration purpoises

Recording maintenance-tusk~time data and other inform2-

% ticn pertinent to the declision criterilon
i + Making decisions to handle unexpected circumstances that
-3 may arise

» Obtaining and recording data applicable to satisfying
any secondary objectlives

Egaas

S IT

- Evaluating the results of the damonstration, preparing

the final report, and recommending acceptance or rejec-
tion

Br, ¢ 0o
it i )
¢
\

Membe.'s of the review team should be selected with care and
shculd be thoroughly briefed. Particular emphasis must be placed
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on the importance of unbiusednees end adherence to the rancom-

ness reyulrement of the sampling process (e.g., in order of task
cec rrence, techniciesn assignment, etc.).

It is moat helpful to have written guidelines fo- the review
tesr;, including the necessary dsta-collcction ferms, definitions,
and precedures, so that rigor and waiformity are establisned,
Because of & rnatural varisbility Iin observer interpretation and
focus; it 1is generally advisable to have at least two review-
teanm nembers as task-time-data recorders for each sampled task,

8.6 DEMONSTRATION-DATA F(IU1S AND RECORDS

There are two bLasic forms that are pertinent to the demon-
stration: (1) observer record of individual meintenance-task

performance, and (2) summary reccrd of maintenance-task perform-
ance ° N

In addition, there may be & standard form for maintenance-
personnel blographles;, a checklist for review-team members to
verilfy that all requirements are being met, and other forms to
provide suppliementavry irformation or meet secondary objJectlves.
As discussed in Section ITI, the observation of meintenance
design or procedural deficlencles 1s often an important byproduct
of the demonstration tests,and plang should be made to identify
areas fo:* improvement.

The observer record of maintenance-tusk performance is the
basic data~conllection form cnn which actual times are recorued
by the review-team member for eacn maintenance tesk, The summary :
record 18 the form that summarizes the task-time information from
the observer records for use 1n snalyzing the results and calcu-
lating the decision statistic of the test. ’

Because the content and design of such forms depends on the
stecific conditicnas of the test, no epecific form is recommended.
A sample foru that can be used as a guld: is presented as Exhibit
3. The time data in this sample are vrecorded by the running-clock
wethod, and the as.oclated actions are described in a narrative
manner. After completion of the task, each actlon can be cofed
accomiing to preselected categories such as vreparation, fault
location, repair, and checkout. A debriefing to the malnterance
techniclians by the review team 1ls recommended, and a special form
can be prepared for this purpose.

The summary form contalns general bhackground information
and the task numbers and desired time elements from the date of
the individual task-reccrd forms, An example is shown as Exhibit 4,

An example of a personnel daka sheet (taken from the Philco .

report?® )} used in previous demonatrations of Air Fcrce equipment
ig prepented as Ixhibit 5.
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8.7 PREDEMONSTRATION ACTIVITIES I

, f‘,mcr to the demonstration, the rev;ew-teal_x director is re-
pporsitlie Jor ensuring that all necessary preparations for the
Gencustration have been completed. The Maintainabllity-Demonstra-
tion Pian (see Section III) should be used ss the hesi:. rsfcrence.

The major ta;aks are described below,

6.7.1 Side Visit

The slte should be visited t2 check The existiryg s erall
envircmet and faciiities agains. tihowse piamned. Slte perscnnel
ahonld w2 briered on the charseter and purnose of the demonstra-
tion %o enzure understanding and cooperatinn. The arrangements
nade for «quipment dellivery, Installation, and checkout shouvld
&glisc e as sppliceble.

The mwutn made for the necessary maintenance support
sberial, rush as test equipment, tools, manuals, and spares,
should alac be checked sgalnel prepared checklists,

Pinally, the srrangements made for the demonstration-review
team ahculd be checked, including the observation facllities,
guart.rs (for both the maintenance team and review team), instruc-
tional guidelines, date forms, and stop watches.

8.7.2 ZTreining snd Indoctrination

¥airtenance-teme an! reviev-team training and indoctrinstion
shonld be reviewed to cnsure that all important detalls have been
oovered. A rinsl briafing 1ust prior to the test is also bene-
ficlal., 1% would be egpediticus to provide review-teasm members
et this time with a checklist of items for verifying that the test
corditions moot the reguirswente.

Tae neintenence tose should be mades completely aware of the
purrose af the test and the procedures to be followed, It should
b Stressed that 1t is not thelr individual performence that is
being tested but ratuer thet of eguipment naintainabllity design
and supporting meterials, Before the test begins, the review
$eem should obtain biographies of the meintenance team to sid in
task ascigzmont.

Whea the test seuple size m;'been esbudlilched and the main-
tenance-task populaticn identified, 1t 15 necesaary to determine
the sobaal faults %o be induced when sampling ie aceamplished by

Lamit induceront. (JFor a nabuesl-failuves test, this effort

@onid be dlrected to providing the informabion necessery to_ verify
the adeguacy of the ovserved sampling distribution of tasks.)
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By use of the provedures sugussted in &"ua’;‘:m £
maintenance tasks and esscriated perms Iorthc‘h m
b . R igor::mcapw’g hion

rep order: GEXpes ke Sl
ask simulation, The distoibation of the :

also be in accordencs ws.th the procedures et

It iv suggested thl‘t tvials be omﬁd fwﬁh VELLONS
fanlt-selection meihoas, to ansure t at ths W«u Indieations
will be ag planned. ‘

The seqguence of t&kﬂ shonld be em!-od | (@
a nux@grs in the hat" wathod)., The neinteiamce M
then be aspigned to the tasxs In oirder exsept whw:

is contraindicated. Any review-team ﬂim
made at this time.

To aeclimate the techniciang, instill coufidencs, wnd miigte
the chances for unreyresentative results &ue o w.m
ness, it is recommendad that the f£i rntcs
be designsted as a trial tesk, %Th 37
within the scope of his traianing. X ! 5
unususlly difficuit, The results of these triel Casis should
not be incliuded in the analysis should be hanidiod in the m

manner & all following tasks. technicluns should not be
informed of the neture of these tasks.,

The trisl tasks sisoc sccouplish 2 secawlary objective = -~
testing the review-team pro ard observer dets forne, Aftey
e trial task 1s performed, the review teem should Weot o f8sn2ily
and correct any deficiencies in the plsnned proseduves,

The result of this effort is & iisting of the taskus to be
observed, the fault~inducement means for their simulaticm, She

order of thelr oceurrence, and the scssigned techrdcians mﬂ
review-teom membters.

8.8 CUNDUCT OF THE TEST

This subzection is concsrred primsrily with She.cowivet of

tests based on fault inducement, since the natursl-fellure z2amp~-

ling spprosch does not generaily mquire or peymit as mash carsfyl
control.

A "typical” step-by-step procedure for ccxxmmtinx & Ceuli-
sinulation test i3 a8 Tollcus: ¥

v1) The review-team Jdirsctor or ﬁeaismwd repressntative
ercures thaz ths Sest srea 1s ready for the test and
¢hat nescessary chserver and am*'enma persoiwel me
available.

b =




The chacklilst of necegasry items is reed off $o ensure
thet all necessary supporting material is available
and the enviverment and facilities ere satisfact uy.

{3) The exuipwent (including test equipment) is checked ¢
&t&mmﬂi'(’nmpmrworMO) °

{4) The firet u? the preselected a&lﬁmctionﬁ“ia Mrted
inkc toe cquipment in accordence with tha prescribed

- —procedare. The sywmplom=-display Indicatlons may be
checked at thiz time. d

f5) The matatensnce tochniciws are called in sni informed
et of the equipment troudble in a wanner previcusly agread
won end &5 aimilar ss poesible to that which would
ccour undsr noral fisld coperation, This mey include
& written operstor—-complaint record or a verbal des-
cripticn by 2 designated nsintenance supervisor,

i $6) TPime recording by the observers in accordance with the
préescoribed task~time record starts as soon as actual
meintenance ‘begirs.

(7) Any uugnal hindrance or delay, such as unavsiiability
of a reguired spare part, should be noted by the ob-
servers so that finsl analysls will provide an undiasged
weasure of active-maintensnce time or wan-hours.

(8) wWhen ¢he mainterunce task is ew;&ted end the ﬁ'{aﬁ'
has been verified by the review team, the ares be

clearsd snd preparation for another tesk willl begin.

{9) After each task or series of tasks, the maintenance
team should be debrilefed while the next task 1s being
prapared, to obtsin ir comments on the maintainabile
ity features of the equipment and sumr“ing material.

The Zollowing specific precautions should be taken:iv

T . The wmaintenance techniciens must not witness the fault
isssrtion.

o Oniy prescribed maintenence manuals and handbooks should
‘be mads avallsble to the techniclians.

»  The masintenance teclniclianr should not be permitted to
- converse with contracter repressntetives during the
demonstration, but normal supsrvisory personnel should
be pade eveilsble,

« 4 csreful check should b2 meds to ensure that the fanlt
inducrwent does not provide abnormally iafsrmative clues.

*€ps dimeussed sbhove, it is recommended that for each new tech-
wizdan or tesu, & trial task be simulated first,

T5cme of these items, in slightiy difforent form, appeared in
& oding to review-tess perscnmel assigned to 2 Navy wein-
ﬁmmmermm Programs.




mmmMcmmamtmmmm
tesks Co be zimuiated, =g tl sontPactor shwuld be
wmawsrs of the selested teak order.

« The demonstration sits ehould provids- ufﬁem
visibility for sdeguate roview~team observetion.

« The decision to inclade vepair time for suy nstarally

occurring failvres sr secondery fallures ahoeld h m
befcrehand ih caze smch events ocewr.

. Date records ahould be reviewed peﬁo&iéﬁly to mm
that sppropriste detall and acourasy eve bcm

One specific problan that can occur during the M iz
extremsly long meinfenanvs times. Occusionalily s Waﬁ_&gpw
have great difficulty in diasgnosing & fatluve and ﬁcr s long
period of time he has eazsentially meds no hesftwey, To hetdls
this problem, 1t is advisable to designate z cubefl timge-wny ;"; :
estinated 95th percentile vaiue, by whilch time the Sest ﬂ
unless the review tesm feels that & pmgm.w mm u vy
way.

L 4

The aralysis of such occurrences poses prohisms. ainn the
long maintenance times amay well be Gue to inerperionce of the
technicians, If it is clesr that with ssporlence tiw technfcime
would ot have had the difficulty {end perhaps This com bé chooked
by repeating the test using another technicisn), an esthrated
value of the axpected task time under more resliistic ociitions
may be used, As an alternative, ancther back-up task ney be
observed to replace the troublesome ome., While these are

tical solutions, their impiementation opens uwp the mtiau of
test bias.

In cuse a review of the gproviam indicstes that the faulit is
with the maintainability design »sthor than with the Sachmician
nor environment, an estimatc of the reguired tsst stetistic such
&8s the mean can be made by analysis of the coapleted-task tiuwes

in conjunction with statistical theory on censored sr STunceted
observations.

As a sinmple example, assume that thp guldelines to the Twview
tean are to stop the test vhen the wsintenance time exceeds X*
(sey an estimated 99th percentile value). If n obeervations e
made, and k observetione are greater than X* (k should, of couise,

be seell, say only 1 or 2), then actusl times are resorded on
(n“'k) tMMO

If a lognormal distribuatlon is aaamed, the mexXimm likelii~
hood estimation for the mean 1s

£ WY -5 (FE - mxv)
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where

1=
- n=K

i is an milim estimatixig function for which tabl::. are
aveilable, *®

5
&
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6.9 DATA REDUCIION ARD ANALYSIS

The primary effort(data miuetion and analysis) is the develop-
mart of the atatistlics ~oquirsd by the statistical demonstration-
test proceduies, such az mean number of man-~hours to complete
corrective maintenance or the time assocjated with the 95%h
porcentile. This effort should be under Air Force control, e
preferably through the review-team director. - . . T
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Befores such steatlstlies can be obtained, however, data should
kg edited to ensure recording accurecy and consistency and to
check hat all test-condition requirements have besn met,

The sssumptions made for the statistical-test cdesign can .
first be checked, arnd if there is indication of a disparity, i
Lfurther analysis will hbe required before a decislon can he made !
to piocesd. An aslternate nonparsmetric test can be used; for ¢
exemple, if 1t is found that the lognormal-distribution assumption |
is & poor one, \ !

In addition to the calculation of the test statistic, further
dets are generally available that can add to the stcre of know- J
ladge of malintasinability., At s minimm , these data should be j
tabulafed and summarized. /

The means for celculating the test statistic and the appli~ !/
gation of the decision criterion has, of course, been detcrmined |
heforehand, and once rmmerical valuas are obtalned, the decision
of ascepting or rejecting is fairly straightforward. /

8.10 THEIT REPORTING < |

fhe final effort of the demonstration activity is the prep-
aration of the Maintainability Demonstration Report by the review
fisn. Por extanded test periods interim reports may have also
been prepared.

Tﬁi. Glifford Colen, Jr., ™Pables for Masiimum Likelihood Estimates:
Singly Truncated M-.SLT. Censored Sawples”, Tec} trics
Ms ¥ %'o &g Hcmr' 9%1
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The final repor: need noé be unnecesdsrily detalled, since
¢ reference can be mede o the Maintainsbility Demonstration M?"
Plan, The following is & possibie fomut for em mpor%.

1B . 1. Introductory Section

A sunmary of test objectives imludins identification of
equioment, manufacturer, contract number, numerical requive- N
ments, demonstration site, and I-eviewteal mbtrﬁ : \*-

2, Test Conditions - : Tt

A mmna,z-y of the test conditions, meluding mainbensnce
personnel, with particular reference to’ deviatim ﬁ'm the
Meintainability Demonstration Plan,

3, Test Procedures ' ' <

A brief review of the proceedings of the demns‘t,mion M,
noting particuler problems and means tskan to overcéme tm

L, Test Resultsa ' b

A summary of the observed data and the results of the P
anelysis made for decision purposes.

13 : 5. Discussion i

A dlscussicn of the test results and analysis, along with Y
gualitative findings of the review team and maintenance tems.
Deficiencies in test design and procedures should be moted
here, as well as deficiencies in the malntainablliity design

. and procedures asgociated with the equipment under test.

6. Reccrmendations

A (pecific recommendation on'a.ccentmce or rejection of the
eguipment under test and cther recommendations for improve-
rment in equipment, procedures cr test design.

€.11 ACTIONS FOLLOWING REJECTIC:.

It 18 a raqai“xment of HILcSTD-h71 that s retest be performed
if the emulument fulls to pass the demonstration fest. Such &
retect muat be scheduled to permit design and procedural nhanzas
to be made to correct existing deficlenciea. Generslly, the coot
of such rodesign should he borne by the contractor and not be &
subject of renegotiation’ If this is not stuted clearly and un-
equivocelly.in the initial contract, one of the major purposss of
demonstration -- providing the incentive for good deaign -- 18
thwarted.

T I%This, of course, 18 based on the assumpticn that test failure.
is & to contrazctor daficlencies rather than Government deficiencies.
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an incentive contract in which the amount of the contract award

A more direct means for providing such incentive 1is through
“@dpends on the rezulte of the demonatration effort.

For the retest, the contractor should first submit a report
deacribing the efforts made to improve the equipment's maintain-
#5111ty, and these efforts should be approved by the procuring
astivify. A second test of unimproved equipment or procedures -
is ¢o be wvolded. :

The task-s=xapling scheme should be revised for the retest.
The same procodurs mey be appllcable; but 2 new set of random
numbers should be selected as applicable so that the contractor i
cannot, by knowing ¢he tasks to be sampled, plan his ilmprove- {
menta solely to pass ihe teat. ‘

All other conditions concerning the conduct of the test
should sppiy for the retest.
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SECTION IX
CONCLUSIONS ARD RICOMMENDATIONS

9.1 GENERAJ, >

.This concluding section 18, in essence, a swmary of the
major points made in the report. The major conclusions and
recommendarticons madz in the previcus sections are repeeted or
surmarized here for emphasis. For convenience, the pertinent

gections of the report that deal with the subject of interest
are indicated. ' ¥

L

s

3.2 THE CONCEPT CF MAINTAINABILITY I'EMONSTRATYON

..... a

Msintainabllity demonstration must be a contractwal reguire-
ment ‘in accordance with MI{L-STD-4T0, and pi.ans for meeting the
requirements of MIL-STD-471 must be detallecd in a Maintainsbility
Demonstration Plan submitted by the coniractor (8ection 1,1).

The demonstration proccedure is essentially an applicstion

of the statlstical theory of hypothesis testing and rust be plen-
ned ard conducted as such (Section 1.1).

9.3 THE CURRENT STATUS OF MAIKTAINABILITY DEMONSTRATION

Some of the more important cornclusions cnd recommerdations
resulting from the :curvey (Section II) are as follows:

* Maintainsbillity demonstratlion is primarily a main-
tainability-control and informstion~generating procecs,

* Many contractual documents contaln inadequate wain-
talnablility-demonstration grovisions.

* A majJor problem concerning the conduct of the test is
the differences between test and field environments.

* Allocation from higher-level requirements is the preferre®
method for determining numerical test requirements.

* The mean 18 the generally preferred index of specificaticn.

© MIL-STD-471 is generally acceptable except thet greater
flexibility should be offered.

9.4 DEMONSTRATION AS A PROGRAM ELEMENT

Timely planning and careful mensgement of the meintein-
abllity-demonstration progran are required to fulfill the requive-
ments of MIL-STD-470 and MIL-STD-471 (Sedtion 3.1).

\ Ve
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The following additional conciusions are made:

., A meintainsbllity-demonstiration test does not guarantee - .
achieving fhe required maintainabiity. It focuses the
contractor's attention on maintainepllity, but often this
is not sufficient unless penslties for test failure are
included in the contract (Section 3.2).

ORI Y

. The contractor's maintainability-demonstration plan must
meet the requirements of MIL-STD-471. Its development
should be one of continucus refinement to reflect changes
in requirements and design and to inccorporate the results
of maintainability-design reviews, predictions, and |
assessments (Section 3.3).

* An important by-product of a maintalnabllity-demonstration : i
test 1s the information provided for improving equipment
reliability and maintainabillty. The pessing of the test
does not mean that important ilmprovements cannot he made.
The procuring activity should plan to have appropriate
personnel moritoring the test to discover deslgn defl-
ciencles and recommenc improvement (Sectlon 3.4).

L] 9.5 THE STATISTICAL BASIS OF DEMONSTRATION

* Full understending of the meaning of thea and B risks
assnclated with a demounstration-test specification must
precede the assignment of° numerical values (Section L.2),

+ The numerical maintainability-demonstration test rnquire—
ments must he presented 1n a manner not subject to mis-
1nterpreuaticn This is eSpecially important when the
requirement 18 stated in terms of confidence levels !
(S-ction 4.3). :
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« The cholce between variables snd attributes tests, single, 4
miitiple, and sequentisl tests, nonparametric and para- g
metric tests, and classical and Bayeslan tests requires :
full conslderation of the informution requirements and :
necessary assumptions assoclated with combhinations selec-
ted as possible alternatives (Section 4.6).
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9.6 MAINPAINABTLITY-DEMONSTRATION-TEST SPECIFICATION

* The more important requisites for a maintainability-
demonatration-test specification are as follows .
(Section 5.1): : 4

- The mgintainability index should represent a measure
that 1is directly influenced by equipment design so J
1 that tha producer can plan for higi assurances of a
e g pass decision, but bears the responsibility for a
SR reject decision,
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- Reiationships (at least qualitative) between deslgn iF
{ paramgters and the meintainebillty index should be ;
2 ~ known so that design evaluations and predictions are

vosgible,

it

~ The maintainabllity index should be eppropriate for,
. ané measurable in, the demonatration-tes. envivonment.

[ 5y ot
SR

- The malatainability index should be related to nighere
( ’ level system~requirement paremeters, and numerical
i values should be conslstent with values for these
i higher-level parameters. ;

P - Adequate sampling and statisticsl-evaluation pro-
| cedures should be avsilable for demonstrating con-
| formance to the requirement.

* Corrective mainterance is generally more critical than
preventive maintenznce when operational requirements are

| consldered, especially 1f the latter can be schcduled -

during non-use perlods (Section 5.2).

+ The man-hour-rate index, such as maintensnce men-hours per
operating hour 1s a direct functior oi both reliablliity

g and maintainabllity; therefore, & test based on such an

‘ Iridex should be the responsibility of both the reliability

;¥ g and raintairablility groups. WModels for relating exnected
man-hours per maintenance action to nen-hour rate can be
deveioped so that a test based on the former prcvides an
indirect control on the latter (Section 5.2).

. /

* The mean index 1s strongly influenced »y long naintenance
times, while the median 1s not. The mean generally pro-
vides better menpower cost ~cortrol, is derivabls from
higner-level specifications, and has morc desirable statis-
tical properties thar. the median. The median is applicabie
to distribution-free tests, has direct operational meening
in terms of belng a 50-percent percentile velue, and for
the iogncrmal distribution is net dependent on the valuc
of g2 (Sectinn 5.2).

- The Maintainability Index Selection Matrix (Exhibit 2)

- should be used as a guide in closing the main:ainability
index (Section 5.2)

« Three basic criterla for assigning numericsl values for
the selected maintalnabllity index are (Section 5.3):-

(1) The specified value should be consistent with
algher system-level requirements.

235 -
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{(2) It should be realistic,

{3) It shouid percain to the demonstration environment.

Trade-off spproaches between relisbiliiy and maintein-
abllity indlices, giver an oversll avallability require-
ment. shiould be considered for cobtaining mumericsl
requirements (8ection 5.3).

Maintainscility predictions and analysis of hiatorical
data should be used to asses: the realism of specified
values, Tablex XII, XIXII, XIV, and XV present pertirent
histericsl date (Section 5.3).

Tive closer the tust envirorsment to the expected fizld
~nvironment, th cre peaningful the demonstretion.
Bvery effort ehc1ld be made to echleve such similarity.
Tahlies XVI and XVII present informevion factors to con-
gider and causes of d.iscrepancy, respectively

(8ectizn 5.3).

The aszignment of test risks must consider the corres-
ponding effaoct on required test sample size (Section 5.4).

Use of prior informeition in terms »f Lest ccats and
wrong-decision costs can be used in a decision~theory
medel for assigning appropriate test riske {(3ecticn 5.4,

SELECTION OF MAINTENANCE-TASK SAMPLE

The natural-failure approach to cauple selection is the
preferred choice but often is impractical because of
tims and equipment limitc‘lons (Section 6.2).

A comdination of natural-failure and fault-inducement pro-

- cedures should be comsidered 1f it can be feasibly imple-

msnted {Section 6.2j.

FPeiluree that occur naturelly during . simulated fallure
test siould be included in the sample (Section 6.2).

Care must be taken tc see that tlhie fault-~lnducement pro-

cedure generates a represencative sampling of msintenance

teals, Intermiitencies, degradstion-type “aiiures,

second ry fallures, and the like should be considered
uwith thn ususl catastrophic-fallure modes

(Section 6.3). .

The contractor ahould make plans fer retaining parts,
circuit ceirds, assemdlies, etc,, that have been rejected
Guring dev-lopment, reliability, and gquaslity-¢ontrol tests
for wse in inducing noncatastrophic failuras (Section 6.3).

t .
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* A )ist of madntencnce m 13 naceay ry for K m
natural-f tests as well & Zault-inducomerd
(Section 6,3) TR

* Simple random nng is pmfcrm over mﬂrt,im ;
‘stratified random sampling whee the analytical q;ewatm gf
the demonstration procedure are considered., Iroportiosml
stratified smiim, however, can provide mww AESUTETLS
of & representative sample (8ee Table XX, acm :

> The basic criterion ror stratifying the mﬂ.&km uf
meintenance tagks is the oget‘m mintenence time (op. -
m.n-hour@, that is, tasks within a stratun should regels
essentially the ssme malntanance effort 80 Mt R
within e stratum is smell {Secticn S.4).

: The trequency with which tasks are ul&ctoi vithin & Lt
stratum is a f\.nctaion of the relative freguiency cf gdcuw '
rence of the tasks comprising the stratum {Sectiom 5&}

- A stratum comprising tesks not &sso~ .atsd with p(@é"i
part failures and not necesgsarily a result or wirelis-
bility should be developed i ths occwrrence ywmnty
of such tusks is not negligible (Section 6.4}, ;

* The symptom matrix can - be used as an approach to strati-
fication, especially if fault-leccation time i3 the mejos
element of the msintenance-task times (Sectien 6.4).

STATISTICAL MAINTAIN'SILITY-DEMONSTRATION-TEST PLANS

+ A review of MIL-STD-471 plans is presented in Sibsec-
tion 7.2; 1t should be consulted to determine the applic~
ability of thezo pians to the specific problem at hand,

- Data end methods for estimating 93, sy s the veriance of
the logarithm of ccrrective-nﬁ.mtemnce time, are presented
in Subsection 7.3.5 for use in determining nuuerical
values and sample-size requiremente end for use in Bayesisn
teste,

* Fourteen non-Beyssian mﬁzntainab111tjndemonstrat1on blans
are presented in Section 7.3. Alternatives with reaspect
to fixed vs., sequential tests, lognormsl vs. nenparsmstric
testy, and varlocus perameter specifications are considered.
Guidelines for test selection are alao presented. These
plans are helleved to represent improvements over whe
MIT~STD-471 plans in terms of greater flexibility in risk
eszigament, test-parameter specification, hypothesee, and

forms of testing.
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A Bayesian test ia develcped and illustrated in Section 7.5
for a fixed-sapple test based on & lognormal assumption
for the distribution of maintenance time. Sampling-plan
tables and methods and data for prilor-distribution analyses
are alsc presented.

$.9 TEST ADMINISTRATION AND IMPLEMRNTATION

The acheduling of maintalnadiliity-demonstretion tests
should conform to the vest categories described in

“@FR 850-14 to the extent possible (Section 8.2).

Nanagement should make a continuing effort to acquire and
evaluate &ll avallable pertinent information applicable
to the demomstration (See Table XLV, Section 8.3).

Air Force personnel are the preferred choice for main-
tenance~teanm selection. Representativeness with respect
to siucation, tralning, skills, and experience must be
considered in choosing individuals (Section 8.4).

A demonstration-review team uikier the control of an Air
Porce represents*ive should be established (Section 8.5).

Fxample datae forms, presented in Section 8.6, can be used

as & gulde for developing forms applicable to the problem
at hand,

Predemonstration activities by the review team should -
inciude o site viglit, traixing and indoctrination revl.ew,
and preporation of task sample package (Section 8.7).

For each techmician, a trial task shculd be establisned
for scclimting the technician end instilling confidence
(Section B.7).

A "typlcal® step-by-step procedure for corducting the test
and & 1list of precautions is presented in Section 8.8,

A& mintainabllity-demonstration ruport shculd be prepared
by the review team. A somple outline is presented in
Section 8.10.

If the ecuipment fails the test, a retest muat be sched-

uled in cccovdanice with the requirements of MIL-STD-U7i.

The task sampling for Lhe retest should be based on-a new
sat of random nasbers (Section 8.11).




AIRREX A _
THE LOGNCOMAL DISZRIBUTION®

1. BASIC FROPERTIES

A rundom variable X hae & ltgml obability dist
if the logarithm of the verisbie is distribouted normaily. ©he
lognormal probability density function is i

S

2
1 (120 (mx-8)® o
ek L b
vhere In{ = natural logarithm of X. -

¥

If ¥ = inX, the probability denaity of Y is nomaal, mean 6,
veriance o=, Ei I

The important moment and distributionel properties of the log-
normal are presented below: ; ‘

W

Mean - e@'*'ﬂ/ 2

Variance = eae"“a(e"{l')'

Median X = Geometrdic Mcan = ee ;
Hode X | = 89'02

Pth Percentile = ea"'zp" (Zp ~ nomma). deviate, 1.e.,

< .
4. 2%
f € %% 4z n 2-p)
o Ion
2
Cosificienrt of Variation = @7 -1

tden; by J. Adbchison and J. Brown, Cewme
03, is the wosti ecupiete refersnoe on

A-1
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. e legrormal 18 & positively skewed distribution, with

gros of gkevmess inorsasing ae ¢2increases. From the above
<k ., 1’; is seon that mode < medisn ¢ mean. Because cf the

s @ and g2, the lognormsl 1s a relatively flexible
ion., Several mortant properties pouoased by the dis-

Mbﬂien are given below. The notstion L (6,6°) shall be used
w mmnt a lomorm.l density with psruet:ora 6 and o'? g

(4) I X = L (8,5%); then Z = cX® = I_ (sne + b6, v%2), (c>6)

(B) Ixx=1 ‘w,c ), then Z = 1/x =L, (-6,025
. [cuo (Af with ¢w=l, b=-1)

(¢) e B Ly (€y+0,2) and X, = LR; (8350,°) are indepondent,

5 = axn % - I'zl(a 614850,,890 +e505) s (8;50,8,50)

Zy = 8y fagy = Ly, (8,0 -a56,3800 1"‘"’“2)' {820,290}

Propurties (A) and (B) state that the lognormality of a
random vardablie is pmnrvod under a simple shape or scale trans-
formation, and proparty. (C; states that the product and guoti-
o5t of independent lognormal variants is aleo lognormal.

It sen alsc bs shown that L1f the product of two irdependent
randes variables is lognormal, then each random variable must
8l#o te lognormal. Mhais is not neceuarily true for dependent
verigtes. _

The foliowing central limdt theorems hold:

‘N % %5 X5z oo,k are Independent positive variates with the
sopw distribuiion and

B {gz'xxj] « @< Jel, 2, ..., N
Vw g‘mg ﬂ02<ﬂ J‘l, 2, seep n
z = f{ é 15 saywptotically L, \m.mz)

A-2
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As 2 osrullsry, the geometric msen (ﬁiszl/ 'f,‘ﬁ;
" > Fo
asynptotically lognormal, mean =9 variance = ¢ /n.

(B} If Xy, Xpp +s.s %, ave indspendent positive variates sich
that , S
‘( M}) - 91 <® > .
i By - 2 _ '
Vﬂl"(‘ﬂ:) ~(J:i <w‘

B ”?‘"xi*‘jli’} -mg <o g

j=2 9

provided that n : n .
5 E,‘”ﬁ :Zi"g RhE -

-

n §
n LS -
then 2 =[] X, 1s aumptatiull:g Lz(z‘lﬁj. gch) &

2. DATA ANALYSES
2.1 CGraphical Analysis

It is usually advissble when analyzing any 2ot of date to
plot the observed sample obssrvations sc thst distributiopal
assumptions may b2 verified.

There exiats logarithmic probability p:gcr wihich yields a
straight line for the lognormal cumulative stridution. Thus,
1f the cumalative distrihution of an observed sample plots ap-
proximately as a straight line, the lognormal assumption may be
accepted as being reasonable. MNaturally, ~uch a test is not
rigorous but affords a quick method of judgirg. Such teats as
the Chi Square test and the Kolmogorov Smirnov test are.preferred
when mors rigor is regulirad. ; ) :

The use of lognormel probability paper also a’ff.'ordaga guick
estimate of 6 and 02. Prom the gquantile equdtion xp =g . a’~
we havs

%5.16 = e~

'
X9,50" €
xo_ 8 _eom




M
L
3
st
o
N

»»»»»»»»

g =45n X 0.50

7o obtain estimstes cf %5.16° 10.50 and X, gy, @ straight

1{iw I8 fitted through the pcints plotted on lognormal probabil-
ity paper and the X values corresponding to the cumulative valuves
of lo percent, 50 percent, and 34 percent are read off. As an

axsgmple, a simulated sample of 50 from a lognormal distribution

witl. 0 = 3, a2 = 0.5 resulted in the observed cumulative distri-
bution plotted in Figure A-1l on logrormal probabllity paper.

A straight line fitted through “he points yields the esti-

metes xo qy = 32.0, xo 50 = 20.5 and XO 16 = 13.0. Using the

- above eguzitions we have the estimates 6 = 3 02 and o = 0.45
. corresponding to the true values of 3 and 0.5.

2.2 Foint Estcimates

Fer the lognornal distrivution, it is advisavie to consider

separately the estimation of 6 and ¢ 7 from that of the mean E(X)
ang the variance V(X). Several estimation procedures are possi-

bae¢ for each, such as maximum likelihood, method of moments, metnod

of quantities, and graphical approschec.

- Table A~L presents these variouas msthods of estimation assum-~
ing titat a random sample of n observations 1s obtained. The cor-
Msponding veriance of the estimatea and appropriate commsnts arve
algo glven in the table.

!o 1llustrate the characteristics of the possible estimation
O 8. 25 samplas of 50 observations sach were obtainad ty
uber simuiation from a xaznormal distribution with & = 3 and

5° = 0,25, Ectimstes of 9, o, E(X) and V(X) were computed by the
srdmm likelihoed, moment, anﬁ quantile methods for sach sampise.
wha &vernge of thess sample values as well as the sample standard
deuiation of thees ortimates &re psented in Table A-2. It 18
geen khat in 211 dases the sstimstes are measonably close to the

Boue valus Wb that the meximum-1ikslihood esiinates have general- |

3y the zreasest procision in torms of miniwar standard deviation.
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FEFT COTIRATEY AND SONE PROJERTTRA POA PARANXITRS OF THE LOGNORNAL DISTRIBUTION
Frowseter Nethos Betimats, ¥ 7arsance of Zatimste, V(%) Commvent on Fetimate
- & ‘\
e Raximem Lixgiihood | & = é ZM‘ qz/n rruferred method-miuime variance.
s 2 if 4. .35 .2
Neosrart &= 28a2- -% ' (1-_) (*ﬁ W27, o,) Insfficient coxpared to X.T.&.
= 2
Quartile & « Yy (8nkg o + 2%y o) x.zs(’ /m Asoeptable for large n. Easy ccmputaticn.
Craghtonl b, - %550 Nt Appiicadle. Por sarly indicetion. Subjactive.
. N
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Bomant :: = In Jn—% -2inX i'(-,‘ + 075 + ayt) ' Very inefficleni corpared te N.L.E,
Quuntils :g » 0.338 (bu X o5 - S0Fg o) 3. n‘,’n) Asceptebla for large n.
a % 2 )
- Gragiteal cf - {h [}(Md» h‘”)] } Not Applicadble For sarly indicetion.
0.1 Co.so
o s et £, , .2
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TA.‘BIE A-2

AVERAGE SAMPLE ESTIMATE () AND SAMFLE STANDARD DEVIATION
OF ESTIMATES (S) FOR THE FOLLOWING METEQ™S

Parameter !Theggiﬁtcal Symbol Lgiﬁigﬁgod Moment Qunntile?
9 3 E .| _ 3.0 | 306 | 308
s A" o.0625 | 0.0633] 0.0659-
oc 0.25 ) 0.242 0.229 | 0.240
s 0.0438 0.04751. 0.0lgs5
E(X) 22,7 E 23,17 23.15 | 23.02
[ T8~ 15.50 15.54 | 14.78
V(X) 147 E 146.2 140,2 146.3 .
s 38.16 4o.42 |- 40,07

2.3 Confidence~1n§erva1 Eatimates
For 9 and 02

When maximum likelihood egtimates of 6 and <$ are used,; the
quantity 6-6 is distributed aa t with (n-1) degrees of freedom

A2 ‘
and 15:%%9- is digtributed as x? with (n - 1) degrees of free-
dem. Confidence-interval estimates are as follows:

For 6, a p percent confidence interval is
(9 p,n-1 G/ﬁ) 9+tpn10ﬁ)

where tp n-1 ig the pth percentile of the t distribution with

(n=1) degrees of freedom.

For de, a p percent confidence interval is

[ (n-1)%2 ,

_pl,nml

(n-1)®

¥pp,n-1 /

Y




1.{31 F jf; % > e ?';;"ZAE"!' 1+ ;:9.
£ AR 0 cas” - =
where xgp n.y 18 the B,th percentile of the X distribution
i’

" with (n -1) degrees of freedom and P; - Pp = R

- For the moment and quantile estimates, only approximate large-
sample confldence Intervals may be obtained using the central
limit theorem. The general expression for the (1 - a) percent
confidence interval 1s

L AR el A

o] g T

E % Zl_a/a-#v'(Ej

where Zl-d/? is the normal deviate corresponding o the (1-a/2)th
percentile.

Table A-1 gave the theoretical values for V(E). Since large
samplesn are assumed, the estimates § and G2 can be used in place
of 8 and o° when these parameters appear in the equation for V(E).

For Mean and Variance

Only asymptotlc confldence intervals are obtainable for the
mean and varlance. The sample must be large so that the esti-
mate is essumed to be normal with mean equal to the characteristic
being estimated (true mean or true variance) and varlanze equal
to 3%3) Then a.(1 - &) percent interval 1s again of the form

Bz zl-a/? N(E)

The eguations for V(E) are given in Table A-1 and again 6 and 8¢ {

are us>d instead of 6 and 02 when such parameters appear in the k
V{(E) equation. "|




e

AT
B
&

4
ay
S

SRR T Ak

S, Vi SeEhae, g - —

APPEIDIX B 3 :
HULFTPLE-REGRISIION COMPUTER PRINTOUTA POR :

VARIANCE FREDICTION

R

EQUATION A(1): VARIAWCE OF fn({ACTIVE-REPASR TINR) .- 21 BQUIPMETS &
DATA INPUT b

Relativs Signal Datse Tens Variance of 8quare Root
Power Handling Corcent 4n KR? of Nusber of

(RP) (8D} (1) (o2 4n amp) Obsarvations i

0.100009z 01 0. 30C009E QL 0.200000F 21  0.623849% 09 0.400000¢ 04} %
0.100000E 01  0.300000E O} 0.28000G0E O1  0,452929E ©0 0.54i421€ 0} oy
C. 16020CE 31 0.300300¢ 0} 0.2000692 01} 0.233289E 0C  Q.489062€ D) 4
0.206500E 01 n.500000& 0l 0.250000¢ 0} 0.159264E 01 0.282843¢ 03 o
C.200000€ 01 4 .1G%9000: O} 0. 200000€ ) O0.617336E GO 0,316223¢ 03

0. 200000 01 0.100000E 01  9,1006600F 0} 0.250000E 00 ©.173208€ 0} ’ . &
0.300000E 01 C.200000E DI  .359000¢ O! 0-103429¢ o1 C.591H08E 01
D« 2O0GOOE 61 V.21000G0E 01  0.3%0009% 0} SeM4324E 100  0,200600& O}
0.200000€ 01  0.2C0NC0E O 0. 20000E 01 0, F90096E 00  0,244949€ Ol
0.2000¢0% 9% 0.200000t 01 3.200000F o1 0.567009¢ 00 05196858 0}
U.2000008 Gl 0.100000E 01 8.300000¢ ( 0.207936E 00  0.374186F 0}
0e20G000E 0} 0.200000t 0} ©.203060¢ 0 0.8010258 00  0.3%6228E O}
Ge106000F 61 %.200000c O} 0.400000F o3 0.596441C 00  0,244949¢ 0,
0.Z0000GE 01  0.1C000CE 0} 0.300000¢ 0} Ce879844F 00 0:1738)5¢ 3
0.300000£ 01 0200000 01 6.200000¢ 03 0. 107T330€ 01} G3162288 01
0.3052600F 0} 0.2000092 61 Y. 2008006 0} 0.118810E 01 Qe409898¢ 0
0.230000¢ 01  0.2G00008 @) 0.2000008 01 0.125888€ 01} 0.32662¢ 0,
03 1000DGE 0] 042000006 01  0.400000€ ©1 25212842 09 A 2648F5F G}
0.3000006& 01 0+300000F O3 G. 2CQ0C0E Q1) G.122000E 01 0.640312E O}
0.2C4000E 0%  0.200000: O} 0.200000E CL  C.546809E 0O C.472383¢ 0,
Ce 200020F 01 0.100600t 01 0. 200000F ) 0.343744E 00 0. 2029431 g3

(contirued)
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Zquation A(1l) (continued) .
F
VARTABLE NO. ME &l STh. DEV,
| 2.07143€E 00 7.1397%€-01
2 2.12956¢ 00 9.77026E~01
3 2.45672 00 7.27199€-01 .
4 7.56218£-01 4.00346E-01
CORRELATION MATRIX |
i
ROM COL. VALUE ROW COL. VALUE ROW COL. VALUE |
e z 1 -0.00075
*h 3 1 -0.12240 3 2 -0.22984 &
4 1 0.61176 & 2 0.42903 4 3 0.00403
REGRESSION LOEFFS,
INDEX VALUL 2
0 ~0.799819t 00 Jonstant term)
1 0.385082€ 00  (Coefficient of RP) '
2 0.22)325%E 00 (Coefficient ot 3D)
3 V.li6839E 00 {Coefricient of 'IC) |
PARTIAL CUAR. COEFFS., STN. DEV. & T EOR RI
1 0. T560€ 00 0.81376~0] 2.4733E 01
2 0.6628E 00 Ne6004E-01 0.36800 O}
3 0932’5& UG Ocﬂsvsﬁ'ol Ooll“é‘i 01
R SQUARED IS 0.65271e L IS C.5 7909
STD. ERROR §53  0.25%90E 00 ST0. ERRCR SQD. 1S  0.656845-01

F IS 0.106506t 02
GAUSS mMULTIPLIERS A
ROW COL.  VALUE #0R COL YaLUE K COL,  VALLE
1 1 9.30:iE 00 L2 0692 =02 i 3 013818 -0) 1
2 2 Da.5615C~0" 2 3 N, 1EeS5- 3 3 Q.1021E 00
B-2 {cortipued)
i
. 5
AN e 7 4
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TEST INDEPENDENT VARIABLES FOR
i

Equation A(1) (continued)

SIGNIF ICANCE
1 ST VARLIS 1 Reo2 = 0,37424% F 11,364 CRIT. VALUE IS 1,740
2 ND VAR.IS 2 Res2 = 0.810986 F m10.9%¢ CRIT. VALUE (S 1.77%
3 RD VAR.IS 3 Res2 = 0.652716 F = 2,063 CRIT. YALUE IS 3.780
ALL VARIABLES SIGMIFICANT, SELECTION DRUEK §S 1 2 3
ACTUAL VS. PREDICTED RESULTS
OBSERVATION ACTUAL PREDICTED DEVIATION WEIGHTED DEVY.
1 0.£2885E 00 0.,48292€ 00 0.14593E 00 0616902 19
2 0.45293€ 00 0.54134%4E 00 ~Je 88408E-01 ~0636202E-C1
3 0.23329€ GO 0.48292E ©O =0.24963E 00 =0.32903€ 00
4 0.15°206% 01 0.13591E 01 0.22357E 00 0.18310€ 00
b 0.41732E Q0 0.42535F 00 ~0.80328£-02 =0.T3552E~-02
6 N, 25CC0E V0 C.30851F 00 -0.58509:-01 =06 29464E-01
7 0.10343¢ 01 0.12072E 01 ~D, 172728 00 -0,295886F €O
8 0.9%6432E 00 0.6006LE 00 0.36372¢ 00 0.21063E CC
9 0.19C10€ 00 0. 64667TE 00 -0.456%8Et 20 ~0.32383F O
10 0.56TOLE 00 0.54219% 00 0,24821E-01 0,37345E-01
11 0.2079%& 00 0.5421%E 00 ~0.33425E 00 =0.36213E 00
12 0.80103¢ 00 0. 64667TE €O 015435 00 0.,12133% 00
13 U 59444E 00 D.49527E 0OC G.99170E~01 0,73337E-01
14 0,87984E CO 0.54213F 00 0.33766E 00 0.i69345 0O
15 0.16733€ 01 0.10318E 01 0.41544E-01 0.38040C-01
16 0,11681€ 01 “.10318E Ci D.15634E 00 0.22178¢ 00
17 0.12589E 01 0.6466TE 0 0.61221C 00 0.5879:% 0O
18 0.52128€E 00 Ue49527E 39 0.26013€~-01% 0, 289220~01
19 0.121C0E 01 0. 12531€ ©1 =0.43081E-01 ~Q0,79874E~01
20 0.644GLE Q0 0. 86800E 00 ~0e22319F ©O =0.30993< 00
21 0.34574E 00 0.42535E ©C =04 79605E-0) =0.65195€-01
$T0. DEV. OV DEV. IS 0.13T72E 004VARe IS 0.18961E-01
AdGe DEV, IS -~0,37982E-07
B-_ ﬁ!
S
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Maintenance
Coaplexity

M)

0.120000¢
0.1600060E
0+ 160000%
0. 14CG00E
0. 120000E
0.140090€
00 120000E
0.140000E
0.25C0O00E
0.170000¢E
C.310000¢E
0.230000¢
0.240000¢

02
02
02

Relative

Power
(RP)

C.100000¢
0 100000
0.200000&
0. 200600E
0+ 200000€
0.200000E
0. 2000008
0. 200000€
. 100C0CE
0.20G00CE
0.300000¢
0.230000¢&
0420 000E

Efficiency of

Informtion

Transmission
ET

C22C1000E 0G
0.479000€ GO
0.155200E 00
0.790000E-01
C.4T72000F 0OC
0.440000E OO
0. 47T000E 00
0.485000E 0OC
U.438000E GO
Co 840000GZ~012
0.327000€ Q00
0.482000E 00
0.7220G0€ 00

Variance of
£n ART
(g24n ART)

0.452929¢ 09
0.,233289E 00
0.417316F 00
G-266324€ 00
0.190096% 00

" 0.567009E 00

2. 207936k GO
0.301025E a0
0u39%441iE CO
0.879844E 00
0.121000E 01
C.644809E 00
0.345744E OO

TS IR RO T o
4 e ide, pactagal =0 3

Square Root
of Number of
Observations

Oeolaiszit Uy
04090428 Ul
(e3162288 1
0.200000E C}
0.<44%43k (i
Oe.51v0l%L Cl
0e374166L 01
0.310223E Gl
0.246949E Ny
0.173205¢ 2}
0.640312¢ Nl
0.479583E 91
0e282R43: 1

{continuad)
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EQTFATION A(2): VARIANCE OF £n{ACTIVE-REPAIR TIME) -- 13 FQUIZFMENTS £
.7 !
DATA INPUT




RON COL,.
2 i
3 i

% H

2
3

RO COL.

1 i
é £

Equation AI.(é)' (continued)

VARIABLE WO, - MEMN §79, oy,
2 1.89890JE 01 6, 73TLE PO .
2 1951346 00 0,00539E-00
3 4.023378~01 1639196~ ;)
s 402020800 3.4%03%E~01
CORRELATION MATRIY
VALUE  RON  tL.  vALUE ROM COL. VALUE
06320672
0.65104 4 2 0.6885% & 3 =0.,42610

REGRESSIOM COEFFS.

INDEX VALUE

U 0.365817e-01

-

0.5909E 00
0.5308 00
-0.5702€ 00

R SQUARED IS 0.723381
STG. ERROR 1§ 0,

F IS5

ViLUE

'7»25‘&-&53“ 32
0.3256E 00

0.233132€-0)

PARTIAL CORR. COEFFS.,

(Constant Term)

(Coefficient of KC)
2 0.224846E 00 (Coefficient of RP)
3 -0.7848L7E 00

(ioefficient of ET)

-

STh. DEv. & T #OR 8]
0.1061£k~01 0.2197€ 01}
C.EIAT7E 0§ 0.1879E 01

0:3%743E€ 00

« 18 0.852106
ERROR 5Q0. IS 043977691
0.T884%3€ 01

£0974i€ 00 STYD.

20¥ ClL.

o]
&
-

GAUSS MULTIPLIERS

VAL LE

2 -0.1521E-01

3

220436 0y

ROM

i
3

~0.2082€ ¢l

Col. VALUL

3 ~0.11058-0}
3 0.3231€ 01

(contirued)




Bguation A{2) (continued) ‘
VEST QMDEPTHDERT VARIABLES FOR SIGNIFICANCE

g 3 3T YARLES & Reed = 0,474119 F = 9.917 CRIY. VALUE 1S 1. 84C
) 2 NG VAR.IS 1 Res2 » 0.,591614 F = 2,877 CRIT. VALUE IS 1.8§80
oF 3 BD VARCIS 3 Ree2 = 0,T24381 F = 4,335 CR'7T. VALUE [$S 1.910

ALL YARTABLES SIGNIFICAMT. SELECTVION CROER IS ¢ 1 3

AT )

= ACTUAL VS, PREDEICTED RESULTS
‘- OBSERVATION ACTUAL PREDICTED CEVIATION WEIGHTED DEV.

1 i 0.465293E 00 0. 38344 00 0.69490E-01 0e29G19K=r1
e 2 0.23329€ 00 0.25853F 00 =0.25223%-01 =0.34935i-01
3 3 0.41732E ©C 0.78348E €O ~0436416E 00 ~C.34191E 00
f 4 0. 96432E 00 0. 7506GE 00 0.21367E 00 0e12618€ 00
fof' € 0.19010E OC 0.39560E 00 ~0,20550E 00 ~0.14864k 10
B 4 0.56701E 00 0.45164& 00 0.11537E 00 0.1T701E 0C
B 7 0.20794E 00 039168 GO =0,18374FE 00 -0.20300F 90

& ] 0.80103E 00  0.43202t 00  0.34900E 00  0.34456f 00
-3 9 0«59484E G0 0.50051E 00 0.93932E-01 0.6T79612-01
v 10 0.87984E 00 Ce81667E 00 0.63170E-01 0.3230F 01
R il 0.12100€ G} €.13772€ 01 0,32305:~01 0.62C2:.. )1
& 12 0.64431F GO 0.54420E 00 0.61223€-03 Ue 86TOOE-03
| 13 034574 00 0e4TUL5E 06 ~0,13341F 00 ~0.11142E 00
A $S¥D. OE¥. OF DEV. IS 0Q.11395F O0,VAR. IS 0.12986E~-01

AVG. DEV. IS ~0.11514E~07

i v it SR

T




EQUATICN B: VARIANCE OF Ex(ACTIVE MAN

Rzlative
Power
(RP)

9. 10000GE
0.100000¢
0.100000E
0.200000€¢
04200000
0. 200000
04300300
0. 200000
0. 200000¢
0+ 209000€
0. 200000
075300005

1L00006€
« 200000¢
* €4 300000
0. 300000€¢
"0+ 200000€
0.1G0000E
0.300600F
0.200000F
0+ 20DUGOOE

Signal Deta
Handl}ng
(8D)

C.300000¢
0. 300000F
0.300000t
0. 300000k
0. 100000c
0. 200000¢
0. 2030000E
0.100000¢
0.200000€
0.100000¢
0.100000¢
0.200000¢
D.200000E 0}
0+ 100000E 0)
0. 200600t 0}
0.200000€ 01
0.21,0000& 01
0.207000€ o0}
0.3502000& 01
0,300000€ 03
0.100060E o}

01
01
0l
01
01
01
0l
01
01
01
01
Gl

DATA INPUT

Teat
Concept
(T¢)

0.2030000F
0.250000F
0. 2000008
0.250000E
9. 200090€
0.100000€
0.350000¢F
0.350000€
0.200600€
0.300000€
0.300000€
0.200000E
D.4000C0¢
0. 300G00E
0. 20000CE
04 200000F
0.200000E
0.400000F
0.200000€
0.2060000F
0200000

Veriance of

fn MH
(0®4n mu)

0680625
04135257
0.364816F
0.149873¢
0. 546121E
0.425104%
0.159770€
0.1550603€
0.378225€
0.732736€
0.802816¢
0.10%2¢ 8¢
0059444 1E
0. 753424

09
01
02
0l
00
00
Gt
o1
go
on
00
02
00
03

C. 154008 0]
0¢163840EF 01
0:.155%01F 0}

0.422164E 00

5. 227013F 0}
0-109412€ 01
0.600625¢ 00

~OURS) -~ 21 EQUIPMENTS

Square Root:
of Koaber of
Observations

04400000
Oslais21c
044650627
002828625
0.31&6228¢

0.173205,

Ce 391668~
G+ 200000€
002449498
0.519615¢

0,374166E

043162237
0424494 9E
0.172205¢
00316228
0.48°898¢
04331662¢
0.26457%¢
0.64032 2¢
0.479383¢
0.282843¢

(continued)
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2

3

ROY COL.

1 1
2 2

(Baudtion B (continued)

VARIABLE WNO.

MEAN

STu. DEV.

T«13970E-01
Ve T7L26E-0Y)
1.27199E-01

071304 &

2

REGRESSION CCOZFFSe

INDEX
0
1}
2
3

VALUE
=0.712014E
0501373k
0.169711¢
0.132883¢E

0.T883E 00

0.4993t CO

0031

& SQUARED IS 0.64173c
$T0e ERROR IS 1,301

VALUF

0.1011
Y5615

T4 90

F IS

f0d COL.

£ 00
F-01

00
00
oc
00

PARTIAL CORR. COLFFS.,

Oe

1
2

0.23930 4

(Constant term)

{Coefficlient of FP)
{Cuvetficlent of SD)
{Coefficient of Té)
STD. DEV. & ¥ FUR
0.9566E-01
0. T143E-D]

0e9630c~-01-

R IS 0.801084
45E 00 STO. ERROR 3Q0.

1015G3E 02

GAUSS MULIIPLI

VALUE

é 0.9274E-02
3 CoelbtSc- 2}

ValtiE

. 1 2.07143E 20
2 2412956€ 00
3 2.45072€ 00
4 t.01561t OC
CORRELATION MATRIX
ROW COL. VALUE RO¥ COL. VALUE ROW CHOL.
2 1 -0.69375
3 I ~0.,12240 3 2 -0.22984

3 0.03167

Bl

0.5230E 01
0.2370€ 01
0.1380€ 01

IS 0.90873<~0l

ERS

RGK COL.

1 3
3 3

VALUE

02150160}
0.1021€ 00

{continued)
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Zquation B (cuntinued)
TEST INDEPEKDENT VARJABLFS FOR S1GHIFICANGE
CRIT, VALGE 1S 1,760

CRET. VALUE 5 1.770

L ST VARLIS 1 Ree2 = 0.%508423 F =19:65)
2 ND VAR.IS 2 ReaZ = 0.001412 ¢ =~ 54286
3 RD VAR.IS 3 Rev2 = 0.&45736 F = 1.904%

ALL VAREIABLES SIGMIFICANT. SEVECTION ORDER 25 ) 2 3
! )
ACTULL ¥5. PREDISTED RESULTS
OBSERVATION ACTUAL ~ PREDJLTED DEVIATION WEIGHTED CEV.
1 0.68063C 00 0. 53526 09 0.115327€ 02 Q.13362€ 0
2 0.13526% 1 D.:31T0E 450 0,72087E Gy 0.29519€ 00
3 0.364828 U4 Us56526F 00 =0 200648 80  =7,272238 00
4 0. 1495TE 0% 0. 1472%€ 01 0023233%~01 Ce15027E-0)
5 0.54612€ 00 0.02721¢ o ~0.1BIOYE 00 =J1865561E 00
6 0.42310E 90 0.59433F 00 =0.16922E ©O =UeB84869E-01
7 0. 1587TTE 921 0.3152T6E 01 0.80733E-04 0ei3829E-1:3
8 0.15500€ 01 0.92656E 00 0.9234%% 00 0361078 00
9 0.,37622E 0OC 0.896%2€ 00 ~0.51870E 00 -0.3678%€ GO
10 0. 73274E 00 0.86009E D ~0.12736E 00 =0.191648 00
11 0.80282€ 00 0.86009€ 0¢C =0.57277E~04 “0.52055~ 51
12 010527 0O} 0. 89692 09 0. I55T6E 0O 0.14262¢ 00
i3 0594447 OG 0.66132E ¢0 +0.66876E~0} ~0a&T43]1E~0]}
i4 Qo THILEE 00 0.360G3E 00 -84 LOOSTE GO «Da5349T7E-01
i5 Q.15401F 0} 0.13983€ 91 G.14179E 0o Do12983f co
ié 0 26384E 01 0. 12983F 02 De 24011E 00 D340%98 ¢
17 Q. E5550: 0 0. 896928 00 0.6580GSE 00 0.631%3%€ a0
18 0.41218E 90 C.56132E 00 “0.Z24905E 00 =-0.19087c 00
19 0.1270%E Q1 Qe 15639F (1 -0.29788E 00 ~0a55227€ 00
20 0.10942E O} 0. 10686F 0} (e 2T48TE-D] $e381706-01
21 0.60053E 00 0. T2721F O ~Ga126%9¢ Q0 ~0.,1G347E Q0
SYo. ofv. DF DEV, 1S 2ei16222E 00,%¥4R, 3¢ e 2B AL EE~Q)
A¥G, DEV. 3§ UeZBO6ONE~06
B-9




UNCLASSIFIED .
Jecedig Clazeiicguice 4

DOCUMENY CONTROL DATA -R&D /[

(Socurliy eloaailicaiion of titte, body o1 abstrect and Indexing annotasicn awat he entersd whven ihe uvereli ‘eport 1s clavsitiod)

3. REZORT TiTLE

MAIRTAINABILITY PREDICTION AND DEMONSTRATION TECHNIQUES
Vol 1 Cevelopment of Prediction Techniques |
Vol 1I Maintainacility 2smonstration 5

(B o;eltcmrnnc ACVIVITY (Componie anthar) 2. l&rﬁ'? SECURITY CLASSIFICATION
AR Rasearch Corporation .
aclasalfied
2551 Rive Road 2b. f/snuo -
Aanepolis MD 21401 b
¢

4. DRSCHIBVIVE NCTES (T/p9 of ropert and inclusive detes)
h ‘Repcrts  Dec 67 -~ Dec 69 /
3. AUTHOA() nn.va ¥ Inltlal, laat nacve) Vol II
Grafton H. Griswold Seymour Bishop Harold S. Balaban
Bernaxd L. Rettérer John Martin
TABCHT DATE 7. TOTAL_ND. OF PAGES .,‘!uiqf 'id
Juuszy 1070 . VA ky 2Ek Vol Ir 15
L] €T OR SR/ 4T NO. .. "aﬂlc NI YOR'S REFPORT NUMBER(S)

F30602-68-C-00%7

s PROURET NO. $73-01-~1-992

5519

;‘3%?;;: Ro. 0. 3‘7.:4:‘::‘:‘”0717 NDIS) (Any other nunbers that mey be or eigned
4 RADC.-T?-69-356, Vols I and II

10. ABTRISUTION STATEMAR T

| This document is subject to spacial export controls and each transmittal to foreign
govg'ms“n or foreign nationsls may bte made only with prior approval of RADC (EMNER),
AYD, KY 134%0.

1. SUPPLEMERNTARY NOTES 12 SPOIINRING MILITARY ACTIVITY
PROJECT EMOINEER Rome Air levelopment Center (EMNRR)
Eugene Floreatino Griffiss Air Porce Base, New York 13Lko

13. AJRTRACT
ntaliability prediction is a desigr tool that can be used to meet desired

mainteinability goals during s)stem development end design. Volums I contasins the
results of a study tc develop improved mo.ntainability predicticn techniques for ise on
all major cleeses of Air Ferce electronis systems at the equipment level of mainterance
The techaigues were developed for spplication fiom concept formulation through the
detsil Cesign phaseas of system development. A data collection program vas conducted *o
acquire detailed information on mainterance actions performe. in the field. The data
were anrlyscd to determine ralaticnships betweea msli..cna.ce design varisbles and
waiatensace tims. Prediction models were developad for corrective end preventive main-
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Maintainabllity stration is s testing procedure Yor assuring tue acquisition of
squipewnt and syst which meet specified nwarical meintainedbility requirements.
Yolume II contains the resulte of & study to develop improved saintainability demon-
stretion procedures for ail major claseces of Air Force equipment. An industry and
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releped fr meintainabil’ty index selection, maintensance task sasmpiing procedures,
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statisticel sampiing procedures, developing test
criteria, and applying Bayesian tests wves also
investigsied and the results are presentad in the

report.
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